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  As a good electron donating molecule, triphenylamine (TPHA) works well 
as a parent framework in applications of organic light emitting diodes (OLEDs) and 
two-photon absorption (TPA). Based on previous study of structure-property 
relationship, modification of this parent molecule would be of possibility to generate 
a new frame work for broader applications. Thus, a bridged triphenylamine, which is 
locked by three methylene linkages at ortho-positions of benzene rings, has been 
designed and synthesized. The methylene units in bridged triphenylamine hold the 
three phenyl rings in a locked, planar manner and thus enhance the pi conjugation 
through the central nitrogen atoms, which is verified by single crystal X-ray 
diffraction.  
 
  Most recent research has verified that molecular planarity is an important 
positive factor for enhancing two-photon absorption cross sections. Utilizing bridged 
triphenylamine as a parent molecule, we successfully acquired molecules with large 
TPA cross sections, which were connected by ethynylene linkages. The first 
generation molecule showed 3-fold TPA cross section of triphenylamines with similar 
molecular size and structure, which was approximately 4800 GM (1 GM = 1 × 10-5 
cm4·s·photon-1). By expanding the molecular size, longer conjugation length led to 
another molecule whose TPA cross section reached 6100 GM, which is among the 
largest values for triphenylamine derivatives with donor-pi-acceptor structures. 
 IX 
  In addition, introducing methylene linkages was found to reduce oxidative 
potential significantly, which indicated high HOMO energy level that possibly 
facilitated hole transporting ability. In our work, we successfully synthesized 
tetramers through Suzuki coupling, and Heck reaction. The electrochemical analysis 
showed that they were easily ionized. Sandwich electroluminescent devices were 
fabricated with configuration as ITO/tetramers/Alq3/Al. These devices showed high 
luminescence intensity which was up to 1800 cdm-2 with a voltage less than 10 V.  
 
  Furthermore, we synthesized para-tripheylamine porphyrins, which were 
highly selective to mercury (II) over other metal ions, for example Cu (II), Zn (II), Co 
(II), Ca (II), Pb (II) and Mn (II). Resulting from the good electron donating ability, 
triphenylamines efficiently enhanced the electronic density of porphyrin cycle, which 
increased the coordinating capability with mercury (II) and led to high detection 
sensitivity. This fast and convenient method through absorption and fluorescence is 
very useful in environmental analysis to detect mercury (II), which has been one of 
the main poisonous pollutants. For further modification, introducing hydrophilic 
groups would broad its practical application, since water pollution is one of the major 
topics we are facing. 
 
    
 
LIST OF TABLES 
Table 2.1 Single crystal data of triphenylamine and derivatives……….………...…20 
Table 2.2 Dihedral angles in triphenylamine derivatives…………………..……….22 
Table 2.3 χ2 Distributions………………………………..………………………….23 
Table 3.1 A comparison of TPA properties of triphenylamine and a series of its 
derivatives…………………………………………………………………………....48 
Table 4.1 Approximate formal potentials (Eo) and number of electrons transferred 
during the oxidation of tetramers…………………………….………………………71 
Table 4.2 Summarized device efficiency…………..………………………………..75 
Table 6.1 Oligomers quantum yields…………………………..…………………..126 
Table 6.2 Approximate formal potentials (Eo) and number of electrons transferred 
during the oxidation……………………. …………...……………………………..131 
 X
LIST OF FIGURES 
Figure 1.1 Biphenyl diamine derivatives…………………………..…………..….….3  
Figure 1.2 Starburst amorphous HTMs……………………………….………………4 
Figure 1.3 Examples of spiro-linked HTMs………………………..………..….........5 
Figure 1.4 Examples of miscellaneous HTMs…………………….…………….........6 
Figure 1.5 Tertiary amines as hole-injection materials………………..………...........7 
Figure 1.6 Examples of TPA chromophores……………..…………….……………10 
Figure 2.1 Structures of TPHA and B0……………………………………………..15 
Scheme 2.1 Synthetic strategy of B0…………………………………………..........16 
Scheme 2.2 Synthetic route to B0……………………………………………..…….17 
Figure 2.2 1H_NMR Spectra of TPHA and B0……………………………...……...18 
Figure 2.3 Single crystal structure of B0  and 5……………….………………........24 
Figure 2.4 Stacking structures of B0 and 5…………………………….....…………25 
Figure 2.5 Cyclic voltammograms of triphenylamine and B0………..………..........27 
Figure 3.1 Structure of B0 based chromophores……………………………...……..36 
Figure 3.2 Structures of T0 based chromophores……………………..……….........37 
Scheme 3.1 Synthetic routes to B3L1, B3L2 and B3L3………………………...38-39 
Figure 3.3 Linear absorption and emission of B3L1, B3L2 and B3L3……………..41 
Figure 3.4 Extinction coefficients for B3L2 in various solvents……………..……..42 
Figure 3.5 Fluorescence of B3L2 in various solvents………………….…………...44 
Figure 3.6 Fluorescence of B3L2 in hexane/THF mixtures …………………...…...45 
Figure 4.1 Structures of TPD and α-NPD…………………………...……………...60 
Figure 4.2 Structures of triphenyalmine tetramers ….………………………..…….61 
 XI
Figure 4.3 Structures of B0-based tetramers.…………………………. ……………62 
Scheme 4.1 Synthetic strategies of B1L2 and B2L2…………………...…………...63 
Scheme 4.2 Synthetic routes to B1L2 and B2L2………………………..…………..64 
Figure 4.4 Normalized absorption of T0, B0 and 10……….……………...………..66 
Figure 4.5 Normalized absorption of tetramers in CHCl3……………...…………...67 
Figure 4.6 Normalized emission of tetramers in CHCl3…………..………………...68 
Figure 4.7 Cyclic voltammograms of tetramers………………………...…………..69 
Figure 4.8 Configuration of OLED……………………………..……….…………..72 
Figure 4.9 Electroluminescence spectra of ITO/HTLs/Alq3/Al……………...……..73 
Figure 4.10 Luminescence-voltage spectra of ITO/HTLs/Alq3/Al……..…………..74 
Figure 4.11 Current-voltage spectra of ITO/HTLs/Alq3/Al………..….……………75 
Figure 5.1 Structure of a typical porphyrin……………………..…….……………..81 
Figure 5.2 UV-vis absorption spectrum of a free base porphyrin……………...........82 
Scheme 5.1 Synthesis of centrosymmetric porphyrins……………..………………..83 
Scheme 5.2 MacDonald [2+2] condensation of dipyrromethanes………..……........84 
Figure 5.3 Triarylamine based porphyrins P1 and P2…………………………........88 
Scheme 5.3 Synthesis routes to P1 and P2……………………………...…………...89 
Figure 5.4 Normalized absorption and emission of P1 and P2 in THF……...……...91 
Figure 5.5 Absorption of P1 upon the addition of Hg2+……..……………………...95 
Figure 5.6 Influences of other metals on absorption of P1……………..………..96-99 
Figure 5.7 Emission of P1 upon the addition of Hg2+………………..……………100 
Figure 5.8 Relative fluorescence intensity F0/F vs [Hg2+]…………………………101 
Figure 5.9 Absorption of P2 upon the addition of Hg2+…………………………...102 
 XII
 XIII
Figure 5.10 Emission of P2 upon the addition of Hg2+……………………..……..104 
Figure 5.11 Relative fluorescence intensity F0/F vs [Hg2+]……..…………………105 
Figure 6.1 Structure of an unsubstituted PAM…………………………..………...112 
Figure 6.2 Triphenylamines with various linkages……………………...........114-117 
Scheme 6.1 Synthetic routes to triphenylamine derivatives…………....……..118-120 
Figure 6.3 Absorption and Emission of T3L1, B3L1, T2L1 and B2L1…………..122 
Figure 6.4 Absorption and emission of TFL1 and BFL1 ………………………....123 
Figure 6.5 Absorption and emission of TFL0 and BFL0.…………………124 
Figure 6.6 Absorption and emission of TFL2 and BFL2 ………………….……...125 
Figure 6.7 Absorption and emission of T3C in CHCl3.............................................126 
Figure 6.8 Cyclic voltammetry of T2L1, T3L1, B2L1 and B3L1………………...127 
Figure 6.9 Cyclic voltammetry of fluorene-containing oligomers TFL0, BFL0, 
TFL1, BFL1, TFL2 and BFL2………………………………………..…………...128 
Figure 6.10 Cyclic voltammetry of PAMs T3C, and B3C Mix…………………...131 
Figure 7.1 Structure of [2,2] papracyclophane…………………………..………...149 
Figure 7.2 Structures of triphenylamine-based cyclophanes…………………........150 
Scheme 7.1 Sulfur elimination by irradiation……………………………..……….150 
Scheme 7.2 Previous synthetic routes to TC………................................................151 
Scheme 7.3 Formation of hexa-substituted T0……………………………..………152 
Scheme 7.4 Previous synthetic routes to BC………………………………..……...153 
 
Chapter 1 Introduction 
 
1.1 Triphenylamines as Hole Transporting Materials 
  Interests in organic light emitting diodes (OELD) have been increased from 
the last century,1 and enormous progress has been achieved in the improvements of 
tunable emitting color, higher luminescence efficiency and device reliability. Since 
the operation of organic emitting involves at least four steps: charge injection from 
electrodes, transport of charge carriers, recombination of holes and electrons to 
generate electronically excited states or excitons, and energy releasing as light with 
either fluorescence or phosphorescence, attempts to acquire a good luminescence 
material are normally based on these consideration. 
 
  Triphenylamines have received a great deal of attention over the past 
decades as a new class of functional materials, particularly in photoconductors due to 
their excellent hole transporting properties, which can improve both 
electroluminescence efficiency and device stability.2 Most of the new developed 
hole-transporting materials (HTMs) seemed to be evolved around this frame. One of 
the most widely used HTMs in OLED is 
N,N’-di(1-naphthyl)-N,N’-diphenyl-[1,1’-biphenyl]-4,4’-diamine (NPD, MW = 588  
g mol-1). One of the reasons for its popularity is that sublimed NPD can be 
manufactured readily from Ullmann coupling and the Buchwald-Hartwig reaction and 
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is thus abundantly available. However this molecule has a glass transition temperature 
(Tg) at 98oC, which is low and may affect its morphological stability at high operating 
temperature. Therefore, studies on the design and synthesis of new HTMs have been 
continually focused on finding materials with high thermal and thin film 
morphological stabilities and on finding methods to control and optimize carrier 
injection and transportation. Currently, there are several approaches to accomplish 
such aims: biphenyl diamine derivatives; staburst amorphous molecules; spiro-linked 
biphenyl diamines and miscellaneous materials.3 
 













1. Biphenyl diamine derivatives: Interdiffusion between different layers in 
OLED has been found upon heat treatment, resulting in the instability of devices.4 
Thus, it is critical for researchers to find ways to increase the Tg of HTM for 
obtaining a more thermal durable stability. Previous researches suggest that by 
increasing the number of π electrons and by introducing a heavy moiety at the center 
of a molecule to decrease the rotation moment, high Tg molecules can be prepared.5 
Figure 1.1 shows the various structures of several HTMs with a biphenyl diamine 








PPD, Tg 146oC  
Figure 1.1 Biphenyl Diamine Derivatives  
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2. Starburst amorphous molecules: Star-shape molecules by introducing 
bulky or heavy constituents to increase the number of conformers have shown high 
thermal stability of amorphous glass due to the enlarged molecular size. Figure 1.2 




































Figure 1.2 Starburst Amorphous HTMs  
 




3. Spiro-linked molecules: A novel approach via a spiro centre with a 90o 
architecture to enhance thermal durability has been reported.8 Figure 1.3 shows two 
spiro-linked HTMs.9 The EL efficiency was enhanced due to the extreme non-planar 
conformation and steric hindrance, which are found effective in increasing 







Figure 1.3 Examples of Spiro-Linked HTMs 
 









4. Miscellaneous materials: Some HTMs with fluorescent moieties have 
been found to be effective emissive materials in two-layer devices because exciton 
can also be generated in the hole-transport layers. A fluorescent pyrene-substituted 
carbozole derivative (Figure 1.4) emitted green light in a two-layer device. In addition, 
HTM doped with fluorescent moiety appear to be another efficient way to modify 
OLEDs. A dual-layer device with rubrene doping in both NPD and Alq3 showed 
extrapolated life of more than 50,000h, which is 100 times better than that of the 
device without doping.10 Another observation is that polymers dispersed with TPD, a 
morphologically unstable HTM with a low Tg (about 60oC) in a certain concentration 






DBM1 M2 C  






  In addition to applying as hole-transport layer in OLED, tertiary amines 
doped with oxidizing agents such as FeCl3, SbCl5, iodine, 
tetra(fluoro)-tetra(cyano)quinodimethane (TF-TCNQ) and 
tris(4-bromophenyl)aminium hexachloroantimonate (TBAHA) have been reported as 










Figure 1.5 Tertiary Amines as Hole-Injection Materials 
 
1.2 Triphenylamines for Two-Photon Absorption 
  Basically, nonlinear transition exists in all media, even in the case of a 
vacuum; photons can interact through vacuum polarization. Nonlinear optics covers a 
wide range scope and most of them are so tiny that with normal light sources, 
photon-photon scattering and other nonlinear effects are difficult to observe until the 
application of lasers.13 The first practical nonlinear optics effect was observed by 
Franken et al in the second harmonic generation (SHG) experiment in a quartz crystal, 
which marked the birth of the field of nonlinear optics.14  
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  The nonlinear optical (NLO) properties of materials can be used in various 
fields, e.g. to control the phase, the state of polarization, and the frequency of light 
beams. 15  With the development of photonic technologies in areas such as 
telecommunications, there is a strong demand for high performance NLO materials. 
Recent development in NLO is the organic electro-optical materials, which shows 
great potential in high-speed modulators and switches.  
 
  One of these exciting aspects is two-photon absorption (TPA), which 
possesses wide potential in photonic and biological areas, e.g. two-photon-induced 
fluorescence microscopy, optical limiting, data storage, and two-photon 
photondynamic therapy.16 This influence of light-by-light effect is an exciting topic 
of basic and application related research. Numerous researches have been conducted 
on its effects and potential applications.17  
 
  In contrast to one-photon absorption, two-photon absorption follows 
different rules, whereas both two transitions are complementary to each other as 
spectroscopic tools for photonic study, like infrared absorption versus Raman 
scattering. Being a higher order process, TPA absorption cross section is often much 
smaller than that of one-photon absorption even as is magnified by many times. 
However, with the improvement of photonic technologies, two-photon absorption is 
readily observed with lasers and has become a valuable spectroscopic technique 
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complementary to linear absorption spectroscopy. On the other hand, because TPA 
performance in photonic and biological applications depends greatly on the 
development of organic and/or inorganic molecules with large TPA cross-sections, 
many strategies have been developed for construction molecules with large TPA 
cross-sections, which include increasing the π-conjugation length, introducing 
electron donor-π-acceptor systems,16 using multipolar and dendritic structures,18 as 
well as increasing the molecular planarity.19 These strategies have led to extensive 
work on building pi-conjugated dendritic molecules with centers and functional 
groups that possess electron donating and/or electron withdrawing properties on 
terminal sites.20 
 
  During these strategies, utilizing good electron donating molecules as 
construction frame works is a popular method to obtain large TPA cross section 
materials. Currently, triphenylamine has been found excellent electron donating 
capability and widely used in the design of TPA chromophores (Figure 1.6),21 having 
the three N–C bonds in triphenylamine and its derivatives to be essentially in one 
common plane.22 This supports conjugation through lone pair of electrons on the 
nitrogen atom. Various derivatives of donor-bridge-acceptor (D-π-A) dipoles, 
donor-bridge-donor (D-π-D) quadrupoles, multibranched compounds, dendrimers, 



























Figure 1.6 Examples of TPA Chromophores 
  
1.2 Research Objective 
  Previous research have shown triphenylamine based molecules have 
significant applications in LED and TPA areas. Most of these research used 
 10
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triphenylamine as bulding block to develop conjugated oligomers and polymers. It 
was verified the extension of pi conjugation through the nitrogen atoms. We are 
interested in modifying this parent molecule to tune the energy level to prepare new 
dyes for light emitting and two photon absorption with improved properties. The 
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Chapter 2 Structure and Properties of Bridged Triphenylamine 
 
2.1 Introduction 
Triphenylamine (TPHA) has been widely used as an electron donating 
molecule in the design as hole transporting materials, 1  and nonlinear optical 
materials. 2  The three N-C bonds lie in one common plane. 3  This supports a 
conjugation through the lone pair of electrons on the nitrogen atom. When 
triphenylamine was used as a molecular framework, the extension of pi conjugation 
over the entire molecule may, however, be poor due to relatively large dihedral angles 
between the phenyl ring plane and the plane of the N-bonded carbon atoms, which is 
over 43o.3  
N N
B0  TPHA
Figure 2.1 Structures of TPHA and B0 
In our work, we introduced methylene as linkages to connect the neighbouring 
phenyl rings. The methylene units in this bridged triphenylamine (B0) are expected to 
hold the three phenyl rings in a locked, planar manner compared to triphenylamine. 
This locked triphenamine was firstly synthesized through intensive reduction by 
methyllithium from esters.4 In this chapter, a modified synthetic route was developed. 
The structure-property relationship of the locked diphenylamine was studied. 
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2.2 Synthetic Strategy 
Our synthesis begun from the use of substituted anthranilic ester. The 
synthetic strategy included well-known methodologies, such as Ullmann coupling, 

















Scheme 2.1 Synthetic strategy of B0 
 
2.3 Synthesis and characterization 
2.3.1 Synthesis of B0 
The general synthetic route towards B0 is outlined in Scheme 2.2, starting 
from the commercial available anthranilic acid. Previously, scientists synthesized this 
molecule by intensive reaction from methyl lithium,4 but in our work, an alternative 
route which involved more mild conditions was used.  
 
Firstly, methyl anthranilate 1 was synthesized by slow dropping of SOCl2 into 
an anthranilic acid solution in methanol, followed by gentle refluxing for 2 hours, 
giving a yellow liquid with a yield of 59 %. Methyl 2-iodobenzoate 2 was synthesized 
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with an overall yield of 66 % from anthranilic acid in a three-steps procedure, which 
included the formation of diazo acid, iodide substitution and esterification reactions. 
The Ullmann coupling reaction is the key step to prepare 3. In the presence of the 
potassium carbonate and biphenyl ether, 1 and 2 were catalyzed by copper and copper 
(I) iodide at 190 oC for 2 days to give 3 with a yield of 75 %. The yield of this 
coupling reaction was highly dependent on the reaction temperature, thus a solvent 
with high boiling point, biphenyl ether was used. To a Grignard CH3MgI solution in 
ether, a solution of 3 in anhydrous toluene was added dropwise at 0 oC. After the 
addition, the mixture was refluxed overnight to give a white solid 4 with a yield of 
32 %. Dehydration of 4 in the presence of concentrated phosphors acid suspension 












































Scheme 2.2 Synthetic route to B0 
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2.3.2 1H NMR Spectroscopy 
 
Figure 2.2 1H_NMR Spectra of TPHA and B0 
An evident shift of 2 m-Hs protons to lower field can be observed with the 
disappearance of o-Hs of N-C bonds. A strong single peak at 1.63ppm was attributed 
to the protons of six methyl groups, which served as the linkers between adjacent 
phenyl rings. 
 
2.3.3 Single Crystal X-Ray Diffraction 
2.3.3.1 Introduction of triphenylamine XRD Structure 
Triphenylamine is the first example of an organic molecular crystal with space 
group Bb without centrosymmetry. There are 4 molecules per asymmetric unit with 
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16 molecules in the unit cell. The large size of the phenyl substituents attached to the 
nitrogen atom leads to the fact that all three C-N-C angles are approximately 120° 
(mean calculated 119.6°) and the nitrogen atom and the three adjacent C atoms lie in 
a common plane, which indicated that the nitrogen atom was sp2 hybridized and the 
lone electron pair occupied the p orbital perpendicular to the plane formed by the 
CNC plane.3 It also revealed that the introduction of methyl groups in para position 
of each phenyl ring does not affect the conformation of the central moiety of the 
molecule, e.g. tri-p-tolylamine. 5   Both the C-N-C angles and N-C lengths are 
maintained unity. Furthermore, many triphenylamines do not have C3 symmetry, 
which is previously considered existing in the Ar3X (Ar: aromatic ring; X: hetero 
atom) molecules.6  
 
2.3.3.2 B0 XRD Structure 
A single crystal of B0 was grown in hexane. To study the effect of o-
substitution, a single crstal of tribromo-substituted bridged triphenylamine 5 was also 
grown in hexane, which was previously synthesized from a quick substitution 
reaction by NBS in a mixed solvent of DMF and toluene. The main crystal data are 







  Table 2.1 Crystal data of triphenylamine and derivatives 
 TPHA 3Br-TPHAa B0 5 
Formula C18H15N C18H12Br3N C27H27N C27H24Br3N 
Crystal 
system 
Monoclinic Monoclinic Monoclinic Orthorhombic 
Space group Bb P21/a P21/c P212121 
Z 16 4 8 4 
Volume/ Å3 5507 1725 3981 2333 
D/g•cm-3 
(Calculated) 















a. The data of TPHA refers to the literature.3 
b. The data of tris(4-bromophenyl)amine refer to the literature.7 
 
Different from TPHAs, the crystal of B0 was monoclinic with a space group 
P21/c. Although the beta angle was close to 90 degrees (90.0680 (10)o), the intensity 
symmetry does not support an orthorhombic cell. There were two independent 
molecules per asymmetric unit. Despite the low Rint of 0.055, the final R values were 
found to be high, because of the relatively small size of the grown crystal. The bond 
lengths, thermal parameters and residual background peaks all appeared to be normal. 
After introducing three bromide atoms at the para positions of TPHA, i.e. 5, is 
orthorhombic with a chiral point group P212121.   
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The mean values of the bond angle C-N-C in both B0 (118.5o and 119.0o for 
two independent molecules) and 5 (120.0o) were close to 120o, which were similar as 
those of TPHA [118.5(4)o and 119.0(4)o], corresponding to the sp2 hybridization of 
the nitrogen bonding orbital. Therefore, the lone electron pair of the nitrogen atom in 
both B0 and 5 occupied the p orbital, which was perpendicular to the plane of the 
nitrogen atom and adjacent C atoms and thus favor the intramolecular pπ interaction 
like that in TPHA and its derivatives. It also indicated that introduction of pedant 
groups at para positions of phenyl rings would not hinder the conjugation, which is an 
important issue for our research.  
 
The dihedral angles between phenyl ring planes and the C-N-C plane in B0 
were 7.6 o and 5.9 o, which were remarkably smaller than those in TPHA (Table 2.2). 
Since the value of χ2 (42.65 and 57.38) was bigger than that of probability of 0.01, 
which is 9.21, the three dihedral angles in each independent molecule were not equal 
to each other. Thus, a distorted propeller could be similarly observed as with TPHA. 
The dihedral angles between phenyl rings and C-N-C plane in 5 were found close to 
those in B0, indicating that the introduction of bromine atom at the para position did 
not change the conformation. The detailed values of dihedral angles are summarized 
in Table 2.2. 
  
In general, the introduction of –C(CH3)2 linkages has conferred greater 
planarity to the molecule and this is expected to facilitate greater π conjugation in the 
compound. 
 21
Table 2.2 Dihedral angle deviations in triphenylamine derivatives 
 Dihedral angles Average χ2 b 































Tribromo-BTPHAa 4.4(5) 7.2(5) 8.2(5) 6.6 10.35 
   a. Calculated from XRD in this work 




















0.99 0.975 0.95 0.90 0.50 0.10 0.05 0.025 0.01 
1 0.00 0.00 0.00 0.02 0.45 2.71 3.84 5.02 6.63 
2 0.02 0.05 0.10 0.21 1.39 4.61 5.99 7.38 9.21 
3 0.11 0.22 0.22 0.35 2.37 6.25 7.81 9.35 11.34
4 0.30 0.48 0.71 1.06 3.36 7.78 9.49 11.14 13.28
5 0.55 0.83 1.15 1.61 4.35 9.24 11.07 12.83 15.09
10 2.56 3.25 3.94 4.87 9.34 15.99 18.31 20.48 23.21
15 5.23 6.26 7.26 8.55 14.34 22.31 25.00 27.49 30.58
20 8.26 9.59 10.85 12.44 19.34 28.41 31.41 34.17 37.57
25 11.52 13.12 14.61 16.47 24.34 34.38 37.65 40.65 44.31
30 14.95 16.79 18.49 20.60 29.34 40.26 43.77 46.98 50.89
40 22.16 24.43 26.51 29.05 39.34 51.80 55.76 59.34 63.69
50 29.17 32.36 34.76 37.69 49.33 63.17 67.50 71.42 76.15
60 37.48 40.48 43.19 46.46 59.33 74.40 79.08 83.30 88.38
70 45.44 48.76 51.74 55.33 69.33 85.53 90.53 95.02 100.42
80 53.54 57.15 60.39 64.28 79.33 96.58 101.88 106.63 112.33
90 61.75 65.65 69.13 73.29 89.33 107.56 113.14 118.14 124.12
100 70.06 74.22 77.93 82.36 99.33 118.50 124.34 129.56 135.81
* Values of χ2 as a function of the number of degrees of freedom (d.f.) and p, where p 
is the probability that χ2 assumes a value greater than χ2d.f.p . Reproduced from the 















2.3.4 Electrochemical Properties 
The electrochemical behavior of triphenylamine and B0 (1mM) were 
examined by cyclic voltammetry (CV) (Figure 2.5).  
 
Triphenylamine displayed a one-electron oxidation process at 0.535V vs 
Fc/Fc+, where the anodic (ipox) to cathodic (ipred) peak current ratio (ipox/ipred) is > 1 at 
a scan rate of 100 mV s-1. This indicated chemical instability of the oxidized 
compound, i.e. the radical cation of triphenylamine (an EC mechanism, where E 
signifies an electron transfer and C represents a chemical step). As the scan rate was 
increased to approximately 1 V s-1, the ipox/ipred value approached unity, due to the 
chemical step being outrun. Compound B0 displayed a one-electron oxidation process 
at 0.340 V vs Fc/Fc+, where the ipox/ipred ratio was equal to unity at a scan rate of 100 
mV s-1 indicating that its oxidized form is more stable than that of triphenylamine. 
Nelson and Adams had earlier reported that mono- and tri-ortho-substituted 
triphenylamines showed higher oxidative potentials than the parent triphenylamine 
due to steric effects, even when substituted by electron donating groups such as 
methyl and methoxy.9 Accordingly, the 0.2 V decrease in the formal potential in 
going from triphenylamine to B0 is likely attributable to the introduction of the 
C(CH3)2 linkages that resulted in more extensive electron delocalization in the planar 
structure of B0, thus leading to the stabilization of its radical cation. It indicated that 
B0 had a higher HOMO energy level than that of triphenylamine, which suggested a 
better electron donating capability.    
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Figure 2.5 Cyclic voltammograms of triphenylamine and B0 (1 mM solution in 
CH2Cl2 with 0.1 M Bu4NPF6 at a scan rate of 100 mV s-1; 1 mm diameter planar Pt 




In this chapter, a convenient method to the synthesis of a bridged 
triphenylamine B0 was summarized. The single crystal X-Ray diffraction revealed 
that the configuration changed upon the introduction of methylene bridge, whereupon 
the space groups converted from Bp to P21/C. A reduction of the dihedral angles (40 º 
 27
to ~6 º) between phenyl rings and the central C-N-C plane resulted in a locked and 
planar manner. Cyclic voltammetric studies showed that a lower oxidation potential 
was achieved, indicating a higher HOMO energy level of B0 compared to that of 




All 1H NMR and 13C NMR were recorded by a Bruker DPX300 (300MHz). 
Absorption spectra were recorded with a SHIMAZU UV-Vis 3290. Voltammetry 
experiments were performed with a computer controlled Eco Chemie μAutolab III 
potentiostat utilising a 1 mm diameter planar Pt working electrode. Potentials were 
referenced to the ferrocene/ferrocenium (Fc/Fc+) redox couple, which was used as an 
internal standard. The supporting electrolyte was 0.1 M Bu4NPF6 and analytical grade 
CH2Cl2, was used as the solvent and distilled over calcium hydride then transferred 
under nitrogen into the electrochemical cell. 
 
2.5.2 Reagents 
Cu, CuI, K2CO3, anthranilic aicd, CH3IMg etc. were used as received from 
Aldrich or Fluka. Ether, toluene, THF and other specified anhydrous solvent were 
distilled under nitrogen atmosphere over calcium hydride or sodium. Other solvents 




 2.5.3 Synthesis 
Methyl anthranilate 1 
A 500 mL round bottom flask equipped with a reflux condenser and a calcium 
chloride tube was charged with anthranilic acid (42 g) and methanol (300 ml). SOCl2 
(33ml) was added dropwise under ice-cooled condition in 30 mins. The mixture was 
stirred for 3 h at room temperature and refluxed for another 2 h. The solvent was then 
distilled and the residue was neutralized with Na2CO3. After washing with water and 
brine, the crude liquid was purified over silica gel with 3:2 hexane/CH2Cl2 to give 1 
as a colorless oil (27 g, 59 %). 1H NMR (300MHz, CDCl3) δ 7.87(d, 1H), 7.3(d, 1H), 
6.63(m, 2H), 5.70 (br, 2H), 3.90 (s, 3H). 13C NMR (75MHz, CDCl3): δ 168.1, 151.0, 
133.9, 131.0, 118.9, 116.8, 110.5, 52.0; Mass-EI: 151.0 (M+, 100). 
 
Methyl 2-iodobenzoate 2 
A round bottom flask equipped with a reflux condenser was charged with 
anthranilic acid (42 g), deionized water (300 mL) and concentrated H2SO4 (42 mL), 
and was cooled to - 5 oC. NaNO2 (30 g) was dissolved in cold water (100 mL) and 
gradually added into the flask until a starch paper changed to blue. KI (100 g) and  
diluted H2SO4 (190 mL, 1M) was added dropwise. The mixture was kept gentle 
boiling for 15 mins, and then cooled to room temperature. After filtration, the solid 
residue was dissolved in methanol (360 mL) and concentrated H2SO4 (36 mL). After 
reflux for 16 h, the solvent was distilled out. Water was added and extracted by 
CH2Cl2. The organic layer was washed by Na2CO3, Na2S2O3 and NaCl solution. After 
 29
the solvent was distilled out, the crude was purified over silica gel using 3:2 
Hexane/CH2Cl2 as the eluent to give 2 as a yellow oil  (66 %). 1H NMR (300MHz, 
CDCl3) δ 8.00(d, 1H), 7.80(d, 1H), 7.40(tr, 1H), 7.14(tr, 1H), 3.95(s, 3H). 13C NMR 




Comound 3 was synthesized under Ullmann condition. A 100 mL round 
bottom flask equipped with a reflux condenser was charged with  1 (9 mL), 2 (30 mL), 
K2CO3 (22 g), Cu (0.9 g) and CuI (1.3 g) . Diphenylether (80 mL) was added and the 
suspension was heated to 190 oC under argon for 48 h. The solvent was distilled out 
under reduced pressure and the residue was purified by chromatography on silica gel 
using 4:1 hexane/ethyl acetate as the eluent to yield 3 as a  yellow solid (22.1g , 
75 %). 1H NMR (300MHz, CDCl3) δ 7.60 (m, 3H), 7.36 (m, 3H), 7.07 (m, 6H), 3.37 
(s, 9H); 13C NMR (75MHz, CDCl3) δ 167.7, 146.8, 132.1, 130.9, 127.3, 126.0, 123.4, 
51.6; Mass-EI: 419.0 (M+ 100). 
 
Compound 4  
A 500 mL two-neck round bottom flask equipped with a condenser, a 
dropping funnel and a calcium chloride tube was charged with Mg (4.1 g) and a small 
amount of I2. A mixture of CH3I (11 mL) and anhydrous ether (100 mL) was added 
through the dropping funnel at 0 oC. After the reagent was added, the dark mixture 
was refluxed for 1 h. Compound 3 (4 g) was dissolved in dry toluene (120 mL) and 
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then added slowly to the Grignard reagent through a dropping funnel. After the 
addition was completed, the mixture was refluxed overnight. The mixture was cooled 
to room temperature and added carefully to a mixture of ice water (500 mL) and 
concentrated H2SO4 (18 mL). After stirred for 2 h, the mixture was extracted by 
CH2Cl2 and dried over anhydrous Na2SO4. The crude product was purified by 
chromatography on silica gel using 5:1 hexane/ethyl acetate as the eluent to yield 4 as 
a white solid (1.25 g, 31 %). 1H NMR (300MHz, CDCl3) δ 7.32 (m, 3H), 7.07 (m, 
6H), 6.67 (m, 3H), 5.37 (s, 3H), 1.67 (s, 9H), 0.84 (s, 9H); 13C-NMR (75MHz, CDCl3) 
δ 148.8, 142.5, 129.8, 129.5, 127.0, 124.5, 73.9, 34.4, 30.1; Mass-EI: 419.2 (M+ 12). 
 
Compound B0 
B0 was synthesized from trialcohol 4 by dehydration under concentrated acid 
condition. The trialcohol 4 was dispersed in 85 % H3PO4 and stirred for 2 h. The 
orange mixture was then neutralized by dilute NaOH solution and extracted by 
CH2Cl2, then dried over anhydrous Na2SO4. The crude product was purified by 
chromatography on silica gel using hexane as the eluent to yield B0 as a white solid 
(62%). 1H NMR (300MHz, CDCl3) δ 7.37 (d, 6H), 7.12 (tr, 3H), 1.63 (s, 18H); 13C 
NMR (75MHz, CDCl3) δ 132.4, 130.3, 123.9, 123.3, 36.0, 33.6; Mass-EI: 350.4 (M+ 
100), 365.1 (M+ 14); Anal. Calcd C27H27N: C, 88.72; H, 7.45; N, 3.83; Found: C, 
88.30; H, 7.38; N, 3.96; Mp: 151.3oC-152.2oC. 
 
Compound 5   
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A 3.5 equivalent NBS solution in DMF was added dropwise to a round bottom 
flask equipped with B0 in toluene under ice bath. After stirring for 30 minutes, water 
was added to quench the reaction. The mixture was extracted by CH2Cl2 and dried 
over anhydrous Na2SO4. The crude product was purified by chromatography on silica 
gel using hexane as the eluent to yield 5 as a white solid (79%). 1H NMR (300MHz, 
CDCl3) δ 7.44 (s, 6H), 1.58 (s, 18H); 13C NMR (75MHz, CDCl3) δ 131.7, 126.5, 
116.3, 35.8, 32.7; Mass-EI: 585.9 (M+ 100), 587.8 (M+ 97), 600.8 (M+ 26), 602.8 (M+ 
24); Anal. Calcd C27H24Br3N: C, 53.85; H, 4.02; N, 2.33; Found: C, 53.59; H, 3.91; N, 
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Chapter 3 Bridged Triphenylamine-based Dendrimers: Tuning 
Enhanced Two-Photon Absorption Performance 
 
3.1 Introduction 
Fluorescent molecules with large two-photon absorption (TPA) cross-sections 
(σ2) have been widely investigated because of their potential applications in optical 
power limiting, optical data storage, microfabrication, photodynamic therapy and 
two-photon fluorescence microscopic bioimaging (TPFM).1 Two-photon absorption 
performance in these applications depends greatly on large two-photon absorption 
coefficients. Many strategies have been developed for construction molecules with 
large TPA cross-sections, which include increasing the π-conjugation length, 
introducing electron donor-π-acceptor systems, 2  using multipolar and dendritic 
structures,3 as well as increasing the molecular planarity.4 These strategies have led to 
extensive work on building pi-conjugated dendritic molecules with centers and 
functional groups that possess electron donating and/or electron withdrawing 
properties on terminal sites.5 
 
Triphenylamine (T0) has been widely used as an electron donating molecule 
in the design of TPA chromophores with large TPA cross-sections,6 having the three 
N-C bonds in triphenylamine and its derivatives to be essentially in one common 
plane.7 This supports conjugation through lone pair of electrons on the nitrogen atom. 
As we discussed in previous chapter, extension of pi conjugation over the entire 
molecular framework may, however, be poor due to relatively large dihedral angles 
between the phenyl ring plane and the plane of the N-bonded carbon atoms.  
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Since molecular planarity is an important positive factor for enhancing TPA 
cross sections.4 The bridged triphenylamine B0 is verified to hold the three phenyl 
rings in a locked, planar manner compared to triphenylamine, which has been 
depicted in Chapter 2. In this chapter a series of dimers and dendrimers incorporating 
two to six units of B0 were synthesized. Their linear absorption and emission 
spectroscopies were studied, which was followed by the investigation of TPA 
performance. The comparison from their triphenylamine counterparts has indicated a 
more promising model in the field of nonlinear optics. 
 
3.2 Synthetic Strategy 
In order to investigate the TPA performance by varying the conjugation length, 
we designed three B0 based chromophores with ethynylene as linkers (Figure 3.1). 
With the earlier study (Chapter 2) in mind, we also synthesized triphenylamine based 
dimers and dendrimers according to the literature (Figure 3.2),8 in order to compare 
the TPA variations from those of B0 chromophores, i.e. B3L1, B3L2 and B3L3. 















































Figure 3.2 Structures of T0 based chromophores 
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3.3 Results and Discussion 
3.3.1 Synthesis 
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Scheme 3.1 Synthetic routes to B3L1, B3L2 and B3L3 
 
In accordance to the literature method, 9  methyl anthranilate and methyl 
iodobenzoate coupled to give a dimethyl ester 6 with a yield of 88 % under the 
catalysis of Cu(PPh3)3Br and in the presence of Cs2CO3. Alkylation of 6 with tert-
 40 
butyl chloride and AlCl3 as catalyst afforded a tert-butyl substituted dimethyl ester 7 
with a yield of 83%. Molecule 8, 9 and 10 were synthesized using similar methods in 
Chapter 2 with yields of 93%, 33% and 73%, respectively. Bromination of 10 with N-
bromosuccinimide (NBS) gave 11 in a yield of 86%. Under Sonogashira coupling 
condition, 11 was coupled with trimethylsilylacetylene to yield 12 as a yellow solid, 
followed by removal of trimethylsilyl group in the presence of potassium hydroxide 
(KOH). Coupling of 11 and 13 gave dimer B3L1 through Sonogashira coupling in a 
yield of 52 %. B3L2 was synthesized by a similar procedure, where a triiodo amine 
16 was used instead of 11. Compound 16 was synthesized by a similar procedure to 
15. 
 
Compound B3L3 was obtained via mono-bromination of B0 followed by 
iodination of the obtained product. Mono-bromination of B0 was carefully carried out 
by addition of NBS to its dilute solution at low temperature. Upon careful 
chromatography and followed recrystallization, a pure white powder of mono-
brominated compound could be prepared. No dibrominated or tribrominated 
compounds from analyses done using mass spectrometry, 1H and 13C NMR 
spectroscopy. Iodination of 14 in the presence of KIO3, KI and acetic acid gave 15 as 
a yellowish solid. In the presence of palladium (II) as the catalyst, 15 coupled with 
two equivalents of 13 to give a trimer 17 with the bromine atom intact. Finally, 
hexamer B3L3 was synthesized through coupling of 17 and 1,2-
bis(tributylstannyl)ethyne in a yield of less than 20 %. 
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3.3.2 Linear Absorption and Emission 



























Figure 3.3 Linear absorption and emission of B3L1, B3L2 and B3L3, 10-6 M in 
CHCl3, excited by maximum absorption wavelengths 
 
The linear absorption and emission spectra of compounds B3L1, B3L2 and 
B3L3 are illustrated in Figure 3.3. It was observed that an increase in the number of 
branches from one in compound B3L1, to three in dendrimer B3L2, resulted in a red 
shift from 399 nm to 411 nm, respectively. The absorptions at the 300-350 nm range 
corresponded to the core bridged triphenylamine moiety in both the dimer and the 
dendrimer. No further red shift was observed for λmax at about 400 nm when 
comparing B3L2 to the larger, more branched and conjugated molecule, B3L3. In 
addition, a red-shift for the onset absorption was found from B3L2 to B3L3. All three 
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molecules emit blue light with wavelengths of 428, 438 and 441 nm, respectively. An 
extension of conjugation going from B3L1 to B3L2 results in a 10-nm red shift in 
λmax. Similar to their UV-vis absorption spectrum, there was no appreciable difference 
in their fluorescence spectra. This indicated little changes in conjugation effect upon 
extension of the conjugated molecular framework after the second generation. 
Fluorescent quantum yield was observed to decrease slightly from 80% for B3L1, 
75% for B3L2 to 56% for B3L3 respectively, possibly due to an increasing 
probability of intermolecular interaction. 
 
3.3.3 Influence of Local Molecular Environment 





































Figure 3.4 Extinction coefficients for compound B3L2 in various solvents 
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The influence of local molecular environment was demonstrated in the case of 
compound B3L2. Compound B3L2 has a central symmetric structure, however, 
subtle changes with peak red shifting in polar solvents indicated that interactions with 
the local molecular environment were present (Figure 3.4). For example, in hexane 
solution, it displayed a maximum absorption at 403 nm with a shoulder near 385 nm; 
while in chloroform solution, it displayed a broad peak at 411 nm (7 nm red shift) 
without vibronic shoulder found. These minor shifts in S0-S1 transition were possibly 
due to the various dielectric solvents, which influenced the transition energy. In 
highly dielectric solvent, the dipole-dipole interaction between solvent and 
chromophore decreased the S0-S1 transition energy in comparison to low dielectric 
solvent.   
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Figure 3.5 Linear photoluminescence of compound B3L2 in various solvents (10-6 
M), excited by maxima absorption wavelengths.  
 
Figure 3.5 showed the linear fluorescence of compound B3L2 in various 
solvents. In contrast with absorbance, solvent polarity has more effect on the spectra 
wavelength. The peak wavelength shifted from 420 in hexane to 438 in chloroform. 
The vibronic peak disappeared as solvent polarity increased. To further investigate 
the effect of solvent polarity, B3L2 in various ratio of hexane and THF were excited 
(Figure 3.6). Upon the increase of THF, the solvent polarity increase resulted in a red-
shifted maxima fluorescence wavelength, which is in consistent with Figure 3.5. 
Overall, the fluorescence efficiency in aprotic solvents remained constant (~80% for 
compound B3L1; ~75% for B3L2 and 56% for B3L3), while in protic solvent (e.g. 
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methanol and ethanol), all the chromophores, including compounds B3L1, B3L2 and 
B3L3 have very poor solubility. 
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Figure 3.6 Linear photoluminescence of compound B3L2 in hexane/THF mixtures of 
varying proportions 
 
3.3.4 Two-Photon Absorption Study 
Two-photon absorption cross sections were measured at 650 nm using the Z-
scan method. The laser system employed was the Clark-MXR CPA- 2001 
regenerative amplifier operating at a repetition rate of 250Hz, with a Light 
Conversion TOPAS optical parametric amplifier. The pulse duration was about 150 fs 
and the light intensities used were about 70 GW/cm2. Solutions of measured samples 
were prepared using chloroform as a solvent. The two-photon cross sections were 
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calculated from dependences of the nonlinear absorption (which is proportional to the 
imaginary part of the nonlinear phase shift in a Zscan experiment) of solutions on the 
concentration.10 
 
The wavelength of study (650 nm) was chosen to be in the range of expected 
maxima of TPA of the compounds investigated not only because there is no linear 
absorption at this wavelength; but relevant research has verified the maximium TPA 
at ~630 nm with similar structure,11 which is different from the double wavelength (~ 
800 nm) of their linear absorption maxima. This significant blue shift was observed 
for many other dyes.12 One possibility is that a higher energy excited singlet state 
could be reached with greater probability by two-photon excitation as compared to 
that by one-photon excitation.13 
 
A summary of TPA properties of bridged triphenylamines (B0, B3L1, B3L2 
and B3L3) and triphenylamines (T0, T2L1, T2L2, T3L1, T3L2, T2L3 and T2L4) 
are presented in Table 3.1.  
 
When the linker changed from ethynylene to ethylene, there were no 
significant variations between, e.g. T2L1 and T3L1 or T2L2 and T3L2. However, 
when the donor changed from T0 to B0, a significant observation was that for similar 
numbers of π electron (Nπ) in a conjugated molecular framework, the B0 series 
always exhibited significantly larger σ2 values than the triphenylamine series. For 
example, the σ2  of B0 was about 6 times that of parent triphenylamine T0, and the 
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figures for B3L1, B3L2 and B3L3 were about 4, 2.5 and 2.3 times that of T2L1, 
T2L2 and T2L3, respectively. Although both dendrimers T2L3 and T2L4 have 
relatively more extended conjugated molecular frameworks, their TPA was less 
efficient than that of B3L2 and B3L3. In fact a comparison of their relative efficiency 
in terms of σ2/ Nπ clearly indicated that the B3L2/B3L3 pair was two to three times 
better. The molecule B3L2 proved to be the most promising model in our work. 
Although its σ2 value was lower than that of B3L3, it was more synthetically 
accessible. A σ2 value of 4800 GM (1 GM = 1 × 10-5 cm4·s·photon-1) for such first 
generation dendrimer like B3L2 was considered large for an intrinsic σ2 of molecules 
of similar sizes. In addition the σ2/ Nπ and σ2/Mw values for B3L2 were most 
superior among all molecules studied in Table 3.1. 
 
Another observation was that the introduction of weak donor groups such as 
iodine, a significant increase for σ2 could be achieved. For example the σ2 value of 
tris(p-iodophenyl)amine was 4.4 times that of parent triphenylamine; and the σ2 value 
of 16 was 3.7 times that of parent B0. It suggested an applicable method to improve 
TPA performance through introducing donor groups, which was more accessible than 







Table 3.1 A comparison of TPA properties of triphenylamine and a series of its 
derivatives 
 
Molecules Mw Nπa σ2 (GM) σ2/Mw σ2/Nπ b 
TPHA series      
T0 245.32 20 5(2) 0.02 1.0 
Tris(p-iodophenyl)amine 623.0 20 22(3) 0.035 4.4 
T2L1 514.66 42 320(40) 0.62 30.5 
T3L1 512.64 44 420(50) 0.82 38.2 
T2L2 1053.34 86 1900(500) 1.80 88.4 
T3L2 1047.29 92 1200(200) 1.15 52.2 
T2L3 1592.02 130 2700 c 1.70 83.1 
T2L4 3746.74 306 4500 c 1.20 58.8 
B0 series      
B0 365.51 20 30(5) 0.08 6.0 
16 743.2 20 110(40) 0.15 22.0 
B3L1 977.45 44 1300(300) 1.33 118.2 
B3L2 1864.69 92 4800(500) 2.57 208.7 
B3L3 2751.94 140 6100(1000) 2.22 174.3 
 
a. Nπ : the number of π electrons. 
b. Relative values are with reference to the value of parent triphenylamine. 
c. The peak values for T2L3 and T2L4 are cited from the literature.8 
 
3.4 Summary 
In this chapter, we have successfully synthesized a series of bridged 
triphenylamine-based dimer and dendrimers with ethynylene as π-linkages. These 
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molecules displayed a high fluorescence quantum yield with large σ2 values (1300-
6100 GM). It can be concluded that the locked molecular planarity in the bridged- 
triphenylamine framework appeared to facilitate TPA. It was illustrated that by 
extending the conjugated molecular framework going from B3L2 to B3L3, 
dendrimers exhibiting larger two-photon absorption cross-sections is possible. In 
practical terms, B3L2 has a high two-photon efficiency referring to its conjugation 
length, which was more accessible. By changing framework from triphenylamine to 
bridged triphenylamine, an improvement of non-linear optical properties can be 
realized, even from relatively smaller dendrimers. Our contribution is to open up a 




All the new compounds were characterized by 1H NMR, 13C NMR, mass 
spectrometry and elemental analysis. NMR spectra were collected on a Bruker DPX 
300 or DPX 500 spectrometer with d1-chloroform as the solvent. The UV-vis 
absorption spectra were recorded on a SHIMAZU UV-Vis 1770 spectrometer. The 
fluorescence emission spectra were recorded on a Perkin Elmer LS55 fluorometer. 
EI-mass analysis and elemental analysis were carried out by the Chemical Molecular 
and Materials Analysis Centre (CMMAC) of the National University of Singapore. 
 
3.5.2 Reagents 
AlCl3, Cu, CuI, K2CO3, KOH, Pd(PPh3)4, triphenylamine, CH3IMg etc. were 
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used as received from Aldrich or Fluka. Ether, toluene, triethylamine, THF and other 
specified anhydrous solvent were distilled under nitrogen atmosphere over calcium 
hydride or sodium. Other solvents (AR grade) were used without further purification 




A 250 mL round bottom flask equipped with a reflux condenser was charged 
with 5.6 mL of methyl anthranilate, 21 g of Cs2CO3, 8.3 g of Cu(PPh3)3Br and 100 
mL toluene. The mixture was stirred at 110 oC for 10 mins under argon until the 
formation of yellow colored solution. Methyl 2-iodobenzoate (6.4 mL) was added and 
stirred for another 12 h at 110 oC. The mixture was poured into water and washed by 
brine. After the solvent was distilled out under reduced pressure, the crude oil was 
purified over silica gel using 1:1 hexane/CH2Cl2 as the eluent and then recrystalized 
from ethanol to yield a yellow solid (11.2 g, 58 %). 1H-NMR (300MHz, CDCl3) δ 
11.04(s, 1H), 7.98(d, 2H), 7.54(d, 2H), 7.36(tr, 2H), 6.90(tr, 2H), 3.95(s, 6H); 13C-
NMR (75MHz, CDCl3) δ 167.1, 143.0, 134.5, 130.9, 118.8, 117.3, 112.9, 51.3; Mass-
EI: 285.1(M+, 85). 
 
Compound 7 
A 250 mL round bottom flask equipped with a reflux condenser and a calcium 
chloride tube was charged with 3.4 g of 6 and 100 mL of tert-butyl chloride. The 
mixture was heated to reflux and 0.24 g of anhydrous AlCl3 was added carefully till a 
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deep brown solution formed, and the mixture was further refluxed for 2 h. The 
solvent was then distilled out. Water was added slowly and extracted with CH2Cl2. 
The crude product was purified over silica gel using 5:1 hexane/ethyl acetate as the 
eluent to give 7 as a yellow solid (3.91 g, 83 %). 1H-NMR (300MHz, CDCl3) δ 10.84 
(s, 1H), 7.96 (d, 2H), 7.47 (m, 2H), 7.40 (m, 2H), 3.95 (s, 6H), 1.32 (s, 18H); 13C-
NMR (75MHz, CDCl3) δ 168.0, 142.3, 142.0, 130.5, 127.9, 117.5, 116.4, 52.0, 34.1, 
31.3; mass-EI: 382.2 (M+ 100), 397.2 (M+ 83), 398.2 (M+ 20). 
 
Compound 8 
Compound 8 was synthesized from 6.8 g of 7, 4.4 mL of methyl 2-
iodobenzoate, 4.8 g of K2CO3, 0.192 g of Cu and 0.143 g of CuI in 75 mL 
diphenylether by a similar procedure to 3 figured in chapter 2. The crude product was 
purified by chromatography on silica gel using 5:1 hexane/ethyl acetate as the eluent 
to yield 8 as a yellow solid (8.45 g, 93 %). 1H-NMR (300MHz, CDCl3) δ 7.58 (m, 
2H), 7.52 (m, 1H), 7.38 (m, 2H), 7.31 (m, 1H), 7.01 (m, 4H), 3.38 (s, 3H), 3.36 (s, 
3H), 3.32 (s, 1H), 1.30 (s, 18H). 
 
Compound 10 
Intermediate 9 was synthesized by employing a procedure similar to that for 
compound 4 depicted in chapter 2. Without further purification, the mixture 
containing 9 was dispersed in 85 % H3PO4 and stirred for 2 h. The mixture was then 
neutralized by dilute NaOH solution and extracted by CH2Cl2, then dried over 
anhydrous Na2SO4. The crude product was purified over silica gel using hexane as the 
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eluent to yield 10 as a white solid. The overall yield was 28 %. 1H-NMR (300MHz, 
CDCl3) δ 7.36 (m, 6H), 7.07 (tr, 1H), 1.67 (s, 6H), 1.62 (s, 12H), 1.36 (s, 18H); 13C-
NMR (75MHz, CDCl3) δ 145.0, 129.9, 129.6, 129.5, 123.7, 122.7, 121.1, 120.7, 36.3, 
36.1, 34.8, 34.3, 33.6, 31.9; mass-EI: 462.6 (M+ 100), 477.4 (M+ 84). Anal. Calcd 




Compound 11 was synthesized by employing the similar procedure to 
compound 5 depicted in chapter 2 using 1.2 equivalent NBS with a yield of 86 %. 1H-
NMR (300MHz, CDCl3) δ 7.41 (s, 2H), 7.38 (d, 2H), 7.35 (d, 2H), 1.67 (s, 6H), 1.60 
(s, 12H), 1.36 (s, 18H); 13C-NMR (75MHz, CDCl3) δ 145.0, 131.7, 129.4, 129.0, 
128.6, 126.0, 121.0, 120.2, 114.8, 35.9, 34.4, 34.1, 32.9, 31.4; mass-EI: 540.3 (M+ 
100), 542.2 (M+ 97), 555.3 (M+ 40), 557.4 (M+ 45); Anal. Calcd C35H42BrN: C, 75.52; 
H, 7.61; N, 2.52; Found: C, 75.23; H, 7.51; N, 2.63; Mp: 229.2oC-230.7oC. 
 
Compound 12 
A 100 mL round bottom flask equipped with a condenser was charged with 
0.15 g compound 11 and 20 mL triethylamine. After the mixture was bubbled with 
argon for 15 minutes, 2.6 g of CuI, 16 mg of Pd(PPh3)4 and 0.46 mL of trimethylsilyl 
acetylene were added. The mixture was then refluxed under argon for 15 h before the 
addition of water to quench the reaction. The mixture was then extracted with CH2Cl2 
and dried over anhydrous Na2SO4. The crude product was purified by 
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chromatography on silica gel using hexane as the eluent to give a yellow oil (0.085 g, 
53 %). 1H-NMR (300MHz, CDCl3) δ 7.45 (s, 2H), 7.36-7.38 (dd, 4H), 1.68 (s, 6H), 
1.60 (s, 12H), 1.36 (s, 18H), 0.29 (s, 9H). 13C-NMR (75MHz, CDCl3) δ 145.1, 129.5, 
129.3, 129.2, 128.8, 127.2, 121.1, 120.2, 116.1, 106.3, 35.8, 35.7, 34.4, 34.3, 32.9, 
31.4, 0.19; Mass-ESI: 574.4. 
 
Compound 13 
A solution containing 0.5 g of 12, 30 mL of 1:1 MeOH/THF, and 1.2 g of 
KOH in 5 mL of water was stirred for 2 h. After extracted with CH2Cl2, washed by 
brine and dried over anhydrous Na2SO4, solvent was removed to give 13 as a yellow 
oil (0.43 g, 98 %). The compound was used for next step without further purification. 
1H NMR (300MHz, CDCl3) δ 7.48 (s, 2H), 7.36-7.38 (d, 4H), 3.09 (s, 1H), 1.67 (s, 
6H), 1.60 (s, 12H), 1.36 (s, 18H); mass-ESI: 502.3. 
 
Compound 14 
A solution of 0.27 g of B0 in 10 mL of chloroform was cooled to 0 oC. 0.13 g 
of NBS was added in small portions. The mixture was then warmed to room 
temperature and stirred for 1 h. After washed by water and brine, the solvent was 
distilled out to give a crude solid. The crude was purified over silica gel using hexane 
as the eluent, followed by recrystallization from ethanol to give 14 as a yellowish 
solid (0.26 g, 79 %). 1H-NMR (300MHz, CDCl3) δ 7.47(s, 2H), 7.37-7.42 (t, 4H), 
7.13-7.18 (t, 2H), 1.65 (s, 6H), 1.62 (s, 12H); 13C-NMR (75MHz, CDCl3) δ 132.0, 
131.5, 129.9, 129.3, 126.5, 126.1, 123.7, 123.3, 123.1, 115.5, 35.6, 35.4, 33.2, 32.8; 
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Mass-EI: 442.8, 444.8; Anal. Calcd C27H26BrN: C, 72.97; H, 5.90; N, 3.15; Found: C, 
72.73; H, 5.61; N, 3.33; Mp: 131.4oC-132.4oC. 
Compound 15 
To a solution of 0.2 g of 14 in 10 mL acetic acid, 0.1 g of KI and 0.14 g of 
KIO3 were added. The mixture was heated to 85 oC and stirred for 1 h. After extracted 
with CH2Cl2 and washed by water and brine, the solvent was distilled out to give a 
yellow solid. The crude was purified over silica gel using hexane as the eluent, 
followed by recrystallization from ethanol to give 15 as a yellow solid (0.17 g, 55 %). 
1H NMR (300MHz, CDCl3) δ 7.60 (s, 4H), 7.44 (s, 2H), 1.57 (s, 12H), 1.56 (s, 6H); 
13C NMR (75MHz, CDCl3) δ 135.5, 133.5, 132.3, 131.9, 131.3, 130.5, 126.4, 119.3, 
116.3, 86.7, 35.5, 35.3, 32.73, 32.69; Mass-EI: 694.6, 696.6; Anal. Calcd 




A solution containing 0.14 g of 15 and 0.2 g of 13 in 20 mL triethylamine was 
bubbled with argon for 15 mins. A catalyst consisting 5.6 mg of Pd(Ph3P)2Cl2 and 2 
mg of CuI was added. The mixture was heated to 70 oC and stirred for 5 h under 
argon. When the reaction completed, water was added to quench. The mixture was 
then extracted with CH2Cl2 and washed by water and brine. Solvent was distilled out 
to give a crude product. This crude was purified over silica gel using hexane and 5:1 
hexane/CH2Cl2 as eluent and then precipitated from CH2Cl2 and methanol to give 17 
as an orange solid (0.115 g, 40 %). 1H-NMR (300MHz, CD2Cl2) δ 7.60-7.63 (m, 8H), 
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7.51 (s, 2H), 7.41 (s, 8H), 1.71 (s, 18H), 1.68 (s, 36H), 1.40 (s, 36H); 13C-NMR 
(75MHz, CD2Cl2) δ 145.1, 132.3, 131.1, 130.6, 130.1, 129.6, 129.5, 129.2, 128.9, 
127.0, 126.7, 126.5, 121.2, 120.3, 118.3, 116.4, 116.3, 90.0, 88.6, 35.9, 35.8, 35.7, 
35.6, 34.5, 34.4, 33.0, 31.4; MALDI-TOF: Calcd, 1443.862; Found, 1428.713 (-CH3); 
mp: not found, compound decomposed at 250 oC. 
 
Dimer B3L1 
A mixture containing 0.13 g of 13, 0.145 g of 11, 15 mg of Pd(PPh3)4, 2.4 mg 
of CuI and 20 mL of triethylamine was refluxed overnight under argon atmosphere. 
The reaction mixture was quenched with water then extracted with CH2Cl2, washed 
by brine and dried over anhydrous Na2SO4. The crude product was purified over 
silica gel using hexane and 5:1 hexane/ CH2Cl2 as eluent to give B3L1 as an orange 
solid (0.13 g, 52 %). 1H NMR (300MHz, CDCl3) δ 7.56 (s, 4H), 7.39 (s, 8H), 1.69 (s, 
12H), 1.65 (s, 24H), 1.37 (s, 36H); 13C NMR (75MHz, CDCl3) δ 145.0, 132.1, 129.6, 
129.2, 129.0, 127.6, 126.7, 121.1, 120.3, 116.8, 89.2, 35.9, 35.8, 34.5, 34.3, 33.0, 31.4; 
Mass-FAB: 976.6; Anal. Calcd for C72H84N2: C, 88.47; H, 8.66; N, 2.87. Found: C, 
88.52; H, 8.61; N, 2.87. Mp: not found, compound decomposed at 375oC. 
 
Tetramer B3L2 
A mixture containing 0.07 g of 13, 0.025 g of 5, 7 mg of Pd(PPh3)4, 1.2 mg of 
CuI and 10 mL of triethylamine was refluxed overnight under argon atmosphere. The 
reaction mixture was quenched with water then extracted with CH2Cl2, washed by 
brine and dried over anhydrous Na2SO4. The crude product was purified over silica 
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gel using hexane and 4:1 hexane/ CH2Cl2 as eluent to give B3L2 as a yellow solid 
(0.036g, 47 %). 1H- NMR (300MHz, CDCl3) δ 7.62 (s, 6H), 7.58 (s, 6H), 7.40 (s, 
12H), 1.71 (s, 18H), 1.69 (s, 18H), 1.66 (s, 36H), 1.38 (s, 54H); 13C-NMR (75MHz, 
CD2Cl2) δ 146.0, 133.0, 131.8, 130.9, 129.3, 130.3, 130.2, 129.8, 129.5, 127.5, 127.2, 
121.8, 121.0, 119.1, 117.3, 90.5, 89.4, 36.5, 36.4, 36.2, 35.0, 34.6, 33.5, 33.3, 31.7; 
Accurate Mass-FAB: Calcd, 1864.1896; Found, 1864.2011; Anal. Calcd for 
C138H150N4: C, 88.89; H, 8.11; N, 3.00. Found: C, 88.62; H, 7.99; N, 2.90. Mp: not 
found, compound decomposed at 277oC. 
 
Hexamer B3L3 
A solution containing 0.1 g of 17, 5 mL of toluene and 8 mg of Pd(Ph3P)4 was 
bubbled with argon for 10 mins. Then 0.018 mL of 1,2-bis(tributylstannyl)ethyne was 
added. The mixture was heated to reflux for 3 days under argon protection. After the 
reaction completed, water was added to quench. The mixture was then extracted with 
CH2Cl2 and washed by water. The solvent was distilled out to afford a crude solid. 
The crude was purified over silica gel using 3:1 hexane/CH2Cl2 as the eluent and then 
precipitated from CH2Cl2 and methanol to give a yellow solid (0.015g, 16%). 1H-
NMR (300MHz, CDCl3) δ 7.63-7.64 (m, 12H), 7.58 (s, 8H), 7.39 (s, 16H), 1.66-1.72 
(m, 108H), 1.38 (s, 72H); 13C-NMR (75MHz, CDCl3) δ 145.1, 145.0, 131.7, 130.2, 
129.6, 129.2, 128.6, 127.0, 126.7, 126.0, 121.1, 121.0, 120.3, 120.2, 118.3, 116.5, 
114.8, 89.9, 88.7, 35.9, 35.8, 35.6, 34.5, 34.3, 34.1, 33.1, 33.0, 32.9, 31.4; MALDI-
TOF: Calcd, 2751.7154; Found, 2751.0024; Anal. Calcd for C204H216N6: C, 89.03; H, 
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Chapter 4 Bridged Triphenylamine-based Dendrimers for Light 
Emitting Diodes Applications 
 
4.1 Introduction 
Triphenylamines have received a great deal of attention over the past decades 
as a new class of functional materials particularly in photoconductors and OLEDs due 
to their excellent hole transporting properties, which greatly improved both 
electroluminescence (EL) efficiency and operational stability.1 Most of the new 
developed hole-transporting materials (HTMs) seemed to be evolved around this 
frame. The most two widely used HTMs in OLED are 
N,N'-bis(3-methylphenyl)-N,N'-diphenyl-[1,1'-biphenyl]-4,4'-diamine (TPD, MW = 
516 g mol-1) and N,N’-di(1-naphthyl)-N,N’-diphenyl-[1,1’-biphenyl]-4,4’-diamine 
(α-NPD, MW = 588  g mol-1). One of the reasons for their popularity is because 
sublimed TPD and NPD can be manufactured readily from Ullmann coupling2 and 
Buchwald-Hartwig reaction,3 and are thus abundantly available even though their Tg 
at 60 oC and 98 oC would be a bit low which may affect its morphological stability at 
high operating temperature.  
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N N N N
TPD α-NPD  
Figure 4.1 Structures of TPD and α-NPD 
 
Later exploration in starburst triphenylamine compounds have shown methods 
to enhance HTM as well as higher thermal stability, using starburst TPD analog T1L2 
(MW = 975 g mol-1) having a high glass transition temperature of 140 oC.4 Although 
increasing the molecular size could increase the glass transition temperature, it also 
increases the difficulty in operation processes. In addition, TPD, NPD and T1L2 are 
not morphologically stable, as they tend to crystallize readily. Therefore, studies on 
the design and synthesis of new HTMs have been continually focused on finding 
materials with high thermal and thin film morphological stabilities and on finding 
















Figure 4.2 Structures of triphenyalmines 
 
As illustrated in Chapter 2, the locked triphenylamine B0 has a lower 
oxidation potential than triphenylamine, indicating a higher HOMO energy level, 
which consequently facilitates an improved hole injection and transportation 
capability. In this chapter, our aim is to develop enhanced HTM molecules for 
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sandwich multilayer OLEDs. Figure 4.3 shows the structures that we synthesized and 




















4.2 Synthetic Strategy 
Based on the synthesized molecules in the previous chapters, tetramer B1L2 
and B2L2 were synthesized through Suzuki coupling and Heck coupling respectively 
(Scheme 4.1).  






















4.3 Results and Discussion 
4.3.1 Synthesis 
Synthesis of B3L2 is depicted in Chapter 3. The synthetic routes to B1L2 and 
B2L2 are outlined in Scheme 4.2. Boronic ester 18 was synthesized from mono 
bromide 11 in the presence of butyl lithium as the base and anhydrous THF as the 
medium, then coupled with 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane 
in a yield of 66 %. Suzuki coupling between 18 and 5 gave B1L2 as a white solid in a 
yield of 55 %. 
N Br
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Scheme 4.2 Synthetic routes to B1L2 and B2L2 
Formylation of B0 by Vilsmeier method in the presence of excess phosphoryl 
trichloride and anhydrous DMF gave aldehyde 19 in a yield of 84 %. To a suspension 
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of CH3PPh3I in anhydrous ether, butyllithium was added to form a carbene 
intermediate, which coupled with aldehyde to give ethylene 20 as a yellow solid in a 
yield of 52 %. Tetramer B2L2 was finally prepared from triiodide 16 and ethylene 20 
under Heck conditions.  
 
4.3.2 Absorption and Emission 
Figure 4.4 shows that the UV-Vis absorption spectra of T0, B0 and 10 
(tert-butyl substituted B0, structure shown in Chapter 3) are moderately similar. This 
inferred that π conjugation extends through the N atoms in both T0 and B0, and 
introduction of tert-butyl group had little effect on electronic conjugation (compound 
10). Figure 4.5 shows the normalized absorption spectra of the six tetramers in 
chloroform. All the six tetramers showed two absorption bands, in which the 
absorption at around 300 nm represents the absorption of triphenylamine or bridged 
triphenylamine moieties as shown in Figure 4.4. T1L2 absorbed at a maximum 
wavelength of 365 nm, while B1L2 red shifted by 17 nm. Similar red shifts were 
observed by comparison of B2L2 with T2L2 (18 nm) and B3L2 with T3L2 (11 nm). 
Such shifts were not observed going from T0 to B0, as indicated earlier (Figure 4.4). 
We have also established that tert-butyl groups showed little effect going from B0 to 
10. Thus red shifts when changing from triphenylamine to bridged triphenylamine in 
tetramers were not due to the introduced tert-butyl groups, but the locked parent 
structures.     
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Figure 4.4 Normalized absorption of compounds T0, B0 and 10 in chloroform, 
concentration: 10-6 M 

























































Similar shifts could be found in emission spectra of the six tetramers (Figure 
4.6). T1L2 and T3L2 emitted blue light at 420 and 424 nm respectively, while B1L2 
and B3L2 emitted at 429 and 438 nm respectively. When the linker changed from 
ethynylene to ethylene, green emission was observed in T2L2 (465 nm) and B2L2 
(478 nm). 




























Figure 4.6 Normalized emission of tetramers in CHCl3, concentration: 10-6 M  
 
4.3.3 Electrochemical Properties 
The electrochemical behaviors of the tetramers were examined by cyclic 
voltammetry (CV) (Figure 4.7). 
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Figure 4.7 Cyclic voltammograms of tetramers. 1 mM solution in CH2Cl2 with 0.1 M 
Bu4NPF6 at a scan rate of 100mV s-1; 1 mm diameter planar Pt electrode at 293 ± 5 K. 
 
The presence of four redox centers in these tetramers allows for the transfer of 
at least four electrons theoretically; however it was found that the order in which the 
electrons were removed were complicated and varied depending on the linking group 
and the T0 or B0 moities. For the tetramer compounds linked through an ethylene 
bridge (T2L2 and B2L2) the voltammetry appeared to show two successive 




For tetramers that contained an acetylene linkage (T3L2 and B3L2), the 
T0-based compound showed a one-electron oxidation, followed by a two-electron 
oxidation, followed another one-electron oxidation. In contrast, the B0-based tetramer 
with acetylene linkages displayed three very closely spaced one-electron oxidations 
(which could not be individually resolved indicating that they were all within ~ 75 
mV of each other), followed by a one-electron oxidation at ~ 300 mV more positive 
potential. If the voltammetry of B3L2 were examined in isolation of T3L2, it would 
be appealing to assign the initial "three-electron" oxidation to the three equivalent B0 
groups, implying non-interacting redox centers. However, the cyclic voltammetry 
results obtained from the similar dimeric compound containing an acetylene linkage 
(B3L1, shown in chapter 6) demonstrated intermediate communication, which raised 
the possibility that the apparent "three-electron" oxidation in B3L2 was due to 
intermediate communication between the B0 groups but with very closely spaced 
HOMO energy levels. 
 
It was be expected that the two tetramers linked directly through the phenol 
groups (T1L2 and B1L2) would display the highest levels of communication and 
therefore, significant potential separations in their oxidation processes. T1L2 
displayed four one-electron chemically reversible oxidation processes with the second 
process 225 mV more positive than the first process and with the subsequent steps 
occurring at intervals of 120 mV (Figure 4.7). In contrast, B1L2 displayed a 
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one-electron oxidation, followed by a two-electron oxidation, followed by another 
one-electron oxidation (Figure 4.7). 
 
The detailed values of oxidation potentials are summarized in Table 4.1. For 
the first oxidation of B0 series, the oxidation potentials were 130 ~160 mV lower 
than that of T0 series, indicating lower HOMO energy levels.    
 
Table 4.1 Approximate formal potentials (Eo) and number of electrons transferred 
during the oxidation of tetramers 
 
Compound Eo / V a,b 
 Process 1 Process 2 Process 3 Process 4 
T1L2 +0.225 (1) +0.440 (1) +0.560 (1) +0.690 (1) 
B1L2 +0.060 (1) +0.220 (2) +0.510 (1)  
T2L2 +0.165 (1) +0.310 (1) +0.440 (2)  
B2L2 +0.035 (1) +0.210 (1) +0.315 (2)  
T3L2 +0.375 (1) +0.535 (2) +0.695 (1)  
B3L2 +0.230 (3) +0.530 (1)   
aPeak potential vs. Fc/Fc+ to the nearest 5 mV measured by square wave voltammetry 
and assuming electrochemical reversibility. 
bNumber of electrons associated with each process are given in parenthesis. In 
situations where peak currents suggested that two or more electrons were transferred, 
there was an error in the potential due to individual one-electron transferred possibly 
being indistinguishable from one other. 
 
4.4 Device Fabrication 
To investigate the performance of tetramers in light emitting, a series of 
double-layer sandwiches were fabricated as shown in Figure 4.8. HTL represented 
hole transporting layer and Alq3 represents 8-hydroxyquinoline aluminum as the 
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emitting layer. The substrate was an indium-tin-oxide (ITO) coated glass, which was 
cleaned by ultrasonication in a mixture of isopropyl alcohol and water (1:1) and 
degreased in toluene vapor. The first amorphous layer (~50 nm) of one tetramer was 
deposited on ITO surface by spin-coating technique, which was dissolved in toluene 
previously (5 mg/mL). The second layer of Alq3 was deposited by a similar procedure. 
The top electrode is aluminum. Tetramer T2L2 failed to form an amorphous film due 
to crystallization on ITO surface.  
 





































Figure 4.9 Electroluminescence spectra of ITO/HTLs/Alq3/Al 
 
When a voltage was imposed, a bright green light was emitted from Alq3 
layer, which peaks at about 550 nm (Figure 4.9). All the EL emission spectra of the 
five devices are identical to the photoluminescence spectrum of the Alq3 thin film.1 
The results indicated that the recombination of injected electrons and holes took place 
in the Alq3 layer and did not rely on the materials used for hole transporting layer. 
Thus Alq3 worked as emitting layer as well as electron transporting layer. Although 
these tetramers (excluding T1L2 and B1L2) have high photoluminescence yield (> 
50 %), they worked as hole-transporting layers rather than as emitting layers.  
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Upon the increase of voltage, the luminescence intensity remained constant at 
voltage lower than 6 V and later increased sharply (Figure 4.10). The device with 
B1L2 had a brightness of 100 cdm-2 at a driven voltage of 7.2 V, while others 
including T1L2, had much higher voltages equivalent to the same brightness. As 
shown in Figure 4.10 the device with B1L2 was driven to produce high brightness 
(~1800 cdm-2) with a voltage less than 10 V. Devices with other tetramers showed 
much lower brightness than that with B1L2. It indicated that both ethylene and 
acetylene linkages produced negative impact on hole-transporting ability, while a 
change in donor from triphenylamine to locked triphenylamine worked positively. 

























Figure 4.10 Luminescence-voltage spectra of ITO/HTLs/Alq3/Al 
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It was noted that upon the increase of voltage, an increasing current density 
appeared. Both B1L2 and B2L2 had higher current density, which indicated a higher 
conducting ability but also damaged the working efficiency (Table 4.2).  
































Figure 4.11 Current-voltage spectra of ITO/HTLs/Alq3/Al 
Table 4.2 Summarized device efficiency 
 T1L2 T2L2 T3L2 B1L2 B2L2 B3L2 
Voltage at 100cdm-2 (V) 8.2 - 9.2 7.2 8.0 9.4 
Current at 100cdm-2 
(mAcm-2) 
8.7 - 14.9 9.7 32.4 14.3 




In this chapter, tetramers with various linkages were synthesized which 
emitted from blue to green in chloroform solution. In comparison with triphenylamine 
counterparts, bridged triphenylamine series displayed lower oxidation potentials, 
which indicated that they possessed higher HOMO energy which possibly facilitates 
hole-transporting ability. Based on this thought, Sandwich electroluminescent devices 
were fabricated with configuration as ITO/tetramers/Alq3/Al, in which tetramers 
worked as hole-transporting layers. Green lights were emitted from Alq3 layers. The 
device with B1L2 as HTL has the highest brightness approximate 1800 cdm-2 with a 




All the new compounds were characterized by 1H NMR, 13C NMR, mass 
spectrometry and elemental analysis. NMR spectra were collected on a Bruker DPX 
300 or DPX 500 spectrometer with d-chloroform and/or d4-methanol as the solvent. 
The UV-vis absorption spectra were recorded on a SHIMAZU UV-Vis 1770 
spectrometer. The fluorescence emission spectra were recorded on a Perkin Elmer 
LS55 fluorometer. EI-mass analysis and elemental analysis were carried out by the 
Chemical Molecular and Materials Analysis Centre (CMMAC) of the National 




Pd(PPh3)4, Pd(CH3COO)2, K2CO3, POCl3, PPh3, Bu4NBr were used as received. 
Ph3PCH3I were synthesized according to literature. THF and DMF were refluxed in 




A solution containing 0.48 g of 17 in 40 mL anhydrous THF was stirred at 
-78oC under Ar atmosphere for 15mins. After a solution of 1.62 mL of 1.6M n-BuLi 
in hexane was added slowly, the reaction mixture was slowly warmed to room 
temperature and stirred for 1 hour under Ar. After a yellow solution formed, the 
mixture was cooled to -78oC again. Then 0.7 mL of 
2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane was added in one portion and 
stirred for a further 16 hours at room temperature. When the reaction was completed, 
water was added to quench the reaction. The product was extracted with CH2Cl2. The 
collected solution was dried over anhydrous Na2SO4 and concentrated under vacuum. 
The crude product was purified by chromatography on silica gel using 2:1 hexane/ 
CH2Cl2 as the eluent to give 18 as a white solid (0.34 g, 66 %). 1H NMR (300MHz, 
CDCl3) δ 7.78 (s, 2H), 7.37 (s, 4H), 1.67 (s, 6H), 1.65 (s, 12H), 1.36 (br, 30H); 13C 
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NMR (75MHz, CDCl3) δ 144.8, 130.2, 129.8, 129.4, 129.1, 128.5, 120.7, 120.4, 83.4, 
35.7, 34.4, 34.0, 33.3, 31.4, 24.9; mass-EI: 588.4 (M+ 100), 603.5 (M+ 40). 
 
Compound 19 
A solution containing 0.77 g of B0 in 80 mL dry DMF was cooled in ice bath 
under argon protection. A solution of 3.1 mL POCl3 in 10 mL of dry DMF was added 
slowly and stirred at 0 oC. The mixture was warmed to room temperature slowly and 
stirred for another 0.5 h until a deep brown solution appeared, then heated to 80 oC. 
After stirred overnight, the mixture was neutralized with CH3COONa, and then 
extracted by CH2Cl2. After washed by a large amount of water and dried over Na2SO4, 
the solvent was distilled out. The crude was purified over silica gel using 3:1 
hexane/ethyl actate as the eluent to give 19 as a yellow solid (0.7 g, 84 %). 1H NMR 
(300MHz, CDCl3) δ 9.93 (s, 1H), 7.89 (s, 2H), 7.44-7.41 (m, 4H), 7.20 (t, 2H), 1.67 
(s, 6H), 1.65 (s, 12H); 13C NMR (75MHz, CDCl3) δ 190.9, 131.2, 130.8, 130.7, 130.2, 
129.8, 125.1, 124.4, 124.1, 123.4, 35.6, 35.4, 34.0, 32.5; mass-EI: 393.3. 
 
Compound 20 
A suspension consisting 0.35 g of Ph3PCH3I and 15 mL of anhydrous ether 
was cooled to -78 oC. Under argon atmosphere, 0.55 mL of butyllithium(1.6M) was 
added dropwise. The suspension was slowly warmed to room temperature and stirred 
for 1hr until a deep yellow suspension formed. 0.17 g of 19 in 40 mL was injected in 
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one portion to give a grey suspension quickly. The mixture was stirred overnight till a 
yellow suspension formed. Water was injected slowly to quench the reaction. After 
extracted with ether and washed by brine, the solvent was distilled out under reduced 
pressure. The crude was purified over silica gel with hexane as the eluent to give 20 
as a white solid (0.088 g, 52 %). 1H NMR (300MHz, CDCl3) δ 7.49 (s, 2H), 7.43 (d, 
4H), 7.18 (t, 3H), 6.81 (tetra, 1H), 5.78 (d, 1H), 5.25 (d, 1H), 1.71 (s, 12H), 1.69 (s, 
6H); 13C NMR (75MHz, CDCl3) δ 136.6, 131.9, 131.6, 129.8, 129.7, 123.5, 123.4, 
122.9, 121.4, 111.3, 35.5, 35.4, 33.0, 29.7; mass-EI: 391.1. 
 
Tetramer B1L2 
A solution containing o.1 g of 18, 0.03 g of 5, 8.7 mg of Pd(PPh3)4 and 0.036 
g of Na2CO3 in 4 mL toluene and 2 mL H2O was heated at 110  oC under Ar 
atmosphere for 30 hours. When the reaction was completed, water was added to 
quench the reaction. The product was extracted with CH2Cl2. The collected solution 
was dried over anhydrous Na2SO4 and concentrated under vacuum. The crude product 
was purified by chromatography on silica gel using 5:1 hexane/ CH2Cl2 as the eluent 
and precipitated from CH2Cl2 and MeOH to give B1L2 as a white solid (0.045 g, 
50 %). 1H NMR (300MHz, CDCl3) δ 7.68 (br, 12H), 7.44 (br, 12H), 1.84 (s, 18H), 
1.74 (s, 36H), 1.70 (s, 18H), 1.40 (s, 54H); 13C NMR (75MHz, CDCl3) δ 144.7, 136.1, 
135.2, 131.2, 130.8, 130.2, 130.0, 129.3, 129.1, 121.9, 121.8, 120.7, 120.3, 35.9, 34.5, 
33.8, 33.4, 31.5; Accurate mass-FAB Calcd for C132H150N4: 1792.1894, found: 
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1792.1835; Anal. Calcd C132H150N4: C, 88.44; H, 8.43; N, 3.13; Found: C, 88.20; H, 
8.56; N, 3.05. 
  
Tetramer B2L2 
A 25 mL round flask equipped with reflux condenser was charged with 0.14 g 
of 20, 0.18 g of K2CO3, 0.1 g of n-Bu4NBr, 10 mL DMF and 1 mL water. The 
mixture was stirred for 20 mins under argon protection. 7 mg of Ph3P and 0.05 g of 
16 were added and stirred for another 15 mins. Finally 5 mg of Pd(AcO)2 was added. 
The mixture was heated to 100oC and stirred overnight. The mixture was extracted 
with CH2Cl2 and washed by water. After the solvent was distilled out under reduced 
pressure, the crude was purified over silica gel using hexane and 5:1 hexane/CH2Cl2 
as the eluent, followed by precipitation from CH2Cl2 and Methanol to give B2L2 as a 
yellow solid (0.045 g, 46 %). 1H NMR (300MHz, CD2Cl2) δ 7.60 (d, 12H), 7.42 (t, 
12H), 7.15 (m, 12H), 1. 80 (s, 18H), 1.72 (s, 36H), 1.66 (s, 18H); 13C NMR (75MHz, 
CD2Cl2) δ 132.1, 131.6, 131.4, 130.9, 130.3, 130.0, 129.9, 129.8, 128.8, 126.5, 126.2, 
123.6, 123.5, 123.0, 121.8, 121.6, 35.8, 35.6, 35.5, 33.1, 29.7, 29.2; Accurate 
mass-FAB: Calcd, 1533.861; Found, 1533.865; Anal. Calcd for C114H108N4: C, 89.25; 
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Chapter 5 Synthesis of 5, 15-Triarylamine Porphyrins and Study of 
Metal Ion Effect 
 
5.1 Introduction 
5.1.1 General Principles of Porphyrins 
Porphyrins (H2P) are a group of naturally synthesized macrocyclic compounds, 
which exist and play a biologically important role in the metabolism for living 
organisms.  
 
The parent porphyrin, porphine and its substituted derivatives are easily found 
in natural pigments such as hemin, chlorophyll and corrins, and widely exist in 
bio-inspired synthetic catalyst and devices. This heterocyclic macrocycle (Figure 5.1) 
is derived from four pyrrole-like subunits, which are interconnected through α carbon 
atoms via methine bridges (=CH-). Since the macrocycle is highly conjugated, it is 
























Figure 5.1 Structure of a typical porphyrin 
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There are 22 π electrons through the porphyrin macrocycle with 4 electrons 
attached to nitrogen atoms, which could follow the 4n+2 Hückel's rule for aromaticity. 
Generally, porphyrins display one intensive absorption band in the near-ultraviolet 
range (~400 nm), which is called Soret band, and four in the visible region 
(500-700nm), which are named as Q-bands. A typical absorption spectrum is shown in 
Figure 5.2.  
 
Figure 5.2 UV-vis absorption spectrum of a free base porphyrin 
 
Owing to their high absorption coefficient and well tunable fluorescence 
emission, porphyrins are becoming an interesting class for analytic application with 
spectrophotometric and fluorometric analysis.1 Much attention has been imposed as 
the macrocycle with four nitrogen atoms shows high sensitivity with some metal ions, 
which displays photometric changing in the range of Soret band as well as the minor Q 
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band.2 Large Stoke’s shifts (>200 nm) are observed for most porphyrins because of 
the fast vibration relaxation from S2→S1, while the maximum emission is located in 
the Q-bands and can be attributed to S1→S0 transitions. Prominent fluorescence 
quenching occurs upon the formation of metalloporphyrins.3 This property has been 
widely used for sensing heavy metal ions in aqueous solutions.4 
 
5.1.2 Synthesis of Porphyrins 
Porphyrins can be synthesized through several routs from pyrrole, dipyrrolic 
intermediates and substituted aldehydes. The synthetic strategy depends on the 
structure of targeted porphyrins. One of the more common methods for 
centrosymmetrical porphyrins is based on the work by Paul Rothemund,5 which is as 
shown in Scheme 5.1. In this method, porphyrins are synthesized from pyrrole and 
substituted aldehydes with a small amount of acid as catalyst, such as formic acid, 
acetic acid, and propinic acid, even some Lewis acids can function for porphyrin 
formation. A large amount of byproducts is formed and can be removed by 
chromatography. 
 




For 5,15-substituted porphyrins, MacDonald [2+2] condensation of 








































Scheme 5.2 MacDonald [2+2] condensation of dipyrromethanes 
 
5.1.3 Metalloporphyrins 
As for the mechanism and kinetics of metal ions incorporating into the 
porphyrin ring, the variety of rate laws obtained by previous studies have tended to 
indicate that no one mechanism is applicable to all porphyrin types.7 However a 
general formation could be figured out as the following equation: 
Mn+ H2PP MPP(n-2)+ 2H+ (5-1)
 
When a metal ion (Mn+) is inserted into a porphyrin (H2P) to form a metalloporphyrin 
(MP(n-2)+), two amine protons in H2P are dissociated from the two pyrrole groups. 
 
Upon the formation of metalloporphyrin, the symmetry of porphyrin increases, 
i.e. the point group changes from D2h to D4h, which leads to degeneracy of the S1 and S2 
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electronic levels.  Rising of symmetry decreases the number of Q-bands, in most cases, 
results in the collapse of the four-banded spectrum to yield two absorption bands in the 
visible region. In the mean time, depending on different extinction coefficient of 
different metals, the absorption density would change to higher or lower, and also the 
peak position is under the tendency to shift, which conforms the selectivity of 
complexation for metal ions and a potential spectrophotometric method for 
simultaneous determination of different metals. Another advantage for porphyrins is 
that because of relatively high fluorescence quantum yield (η=0.13) and large Stoke’s 
shift (Δλ>200nm),8 they show high sensitivity for complexation of metal ions. Finally, 
most of the complexation of heavy metal ions is reversible and restorable therefore 
these dyes are suitable to be used in optochemical sensors. These properties of 
porphyrins and metalloporphyrins provide scientists opportunities to carry out 
detection and analysis on metals, especially for environmental analysis, which is 
becoming an essential area in laboratories and industries.  
 
Since most metal detection is performed in aqueous solution, water soluble 
porphyrins or porphyrin-containing substrates are attractive for analysis. Low 
detection limit has been achieved in previous research. There are many methods to 
develop efficient detection. One of the popular water soluble porphyrins is 
5,10,15,20-tetra(p-sulfonatophenyl)porphyrin (TPPS). The lowest detection limit (DL) 
of mercury in aqueous solution, reported by R. CZolk is approximately 7×10-9 M.9  To 
develop an optochemical sensing device, several methods can be used, including a 
mostly used porphyrin-doped sol-gel films. Sol-gel matrix offers several advantages 
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over other organic matrices, e.g. photochemical stability, variability of the preparation 
conditions, hydrophilicity and porosity.9 To improve the stability of membrane, 
cationic substrates are often used to bind TPPS. H. Matsunaga successively a 
N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (TMAC) monolayer 
functionalized mesoporous support (MFMS) with TPPS.10 The device can be utilized 
as a high sensitive sensor and detected by naked eyes at 2.5×10-8M mercury in aqueous 
solution.  
 
Although water-soluble porphyrins are recommended for determining metal 
ions, neutral porphyrins are still attractive and efficient sensing materials upon the 
occurrence of efficient ion exchange. W. Chan et. al dissolved a lipophilized 
5,10,15,20-tetraphenylporphyrin (H2tpp) in a polyvinyl chloride (PVC) membrane to 
achieve an efficient ion exchange between hydrogen and mercury (II) in aqueous 
solution, thus got a detection limit for mercury (II) at 4.0×10-8 M by fluorescence 
quenching. 11  By incorporating alkylated β-cyclodextrin, significant fluorescence 
enhancement was observed from H2tpp, thus a low detection limit of 2.0×10-9M for 
mercury (II) was realized by Li.12 Another convenient method was achieved by Prodi 
and Monti.13 An amphiphilic porphyrin film was simply prepared by dipping glass slid 
into pophyrin solution, which gave high selectivity referring to Cd2+, Pb2+ and Cu2+ in 
water solution. 
 
However those methods shows limit selectivity. Their absorption and 
fluorescence would be affected by several metal species, especially heavy metals and 
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zinc. When we consider selectivity of sensors, one of the interfering standards is 
tolerance ratio. The tolerance ratio of interfering ion to detected ion is indicated 
causing variations of absorption/fluorescence intensity within a range of ±5%. In 
Czolk’s TPPS aqueous solution, the tolerance ratios of Mn2+, Fe3+, Sn2+, Cu2+, Pb2+, 
Co2+, Zn2+, Cd2+ are at low levels, which means these metal ions may interfere the 
determination of mercury.9 The influence of heavy metals is the main limitation for 
chemical sensing.  
 
5.2 Molecular Design 
Porphyrins are versatile molecules whose physicochemical properties can be 
adjusted by modifications of the electronic distribution on the aromatic ring. One 
simple way is to attach functional groups at para positions, thus the electronic density 
is modified to meet the requirement of different ion sensing. 
 
Triphenylamine, as a good electron donating molecule, is expected to increase 
the electron density of porphyrin macrocycle upon the attachment to the para positions 
of porphyrin. Thus the sensitivity and selectivity would be enhanced. In this chapter, 
we present two triphenylamine based porphyrins as showed in Figure 5.3 and studied 
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Scheme 5.3 Synthesis routes to P1 and P2 
 
The general synthetic routes toward P1 and P2 are outlined in Scheme 5.3. 
Dipyrromethane 21 was synthesized according to the literature. 14  From 
paraformaldehyde and large excess of pyrrole, a white solid of dipyrromethane was 
synthesized in the presence of acetic acid under argon protection. P1 and P2 were 
obtained from the corresponding aldehydes and equivalent dipyrromethane in the 
presence of trifluoroacetic acid as catalyst, followed by reflux with chloranil as 
dehydration agent. Since large excess chloranil was utilized to dehydrate the 
intermediate, common extraction and column chromatography could not remove it all. 
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Continuous extraction with methanol was applied alternatively to wash chloranil out. 
We found that the condensation is water sensitive, e.g. dichloromethane without 
treatment with CaH2 resulted in a very low yield of 5 %, while anhydrous solvent led to 
a yield of 40 %.  
 
5.3.2 Absorption and Emission 
Figure 5.4 shows the normalized absorption and emission of P1 and P2.  P1 
shows a maximum absorption at 409 nm with four minor Q-bands absorptions at 507, 
547, 580 and 639 nm. A slight blue shift occurs with the maximum absorption of P2 
(λabs = 400 nm), while its Q-bands are similar to that of P1. The possible reason for 
the blue shift of Soret band is the steric hindrance introduced by the methylene 
bridges, which blocks the rotation between the triphenylamine and porphyrin ring. 
 
However a red shift in emission spectra going from P1 to P2 is observed (P1: 
λem = 647 and 707 nm; P2: λem = 654 and 710 nm). Using quinoline sulfate in 0.1M 































Figure 5.4 Normalized absorption and emission of P1 and P2 in THF, concentration: 
1µM 
 
5.4 Mercury Detection 
5.4.1 Principles of Operation 
The overall equilibrium of metal complexation with porphyrin is described, 
where mercury (II) presents a typical ion for reaction, where the stoichiometry is 
verified to be 1:1:15 
H2P + Hg2+ HgP + 2H+
K








HHgPK                                                (5-2) 
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Where H2P and HgP represent a free base porphyrin and its mercury complex 
respectively, and K is the equilibrium constant of the reaction.  
 
lcABased on Beer-Lambert law, α= where A presents the absorbance at a 
certain wavelength; α is the absorption coefficient or the molar absorptivity of the 
absorber; c is the concentration of absorbing species in solution and l is the pass 
length as the light travel through the material.  
 
00 lcAFor absorption without mercury, α= where C0 presents the ligand 


































⎛ −Ε− clI αη 10
20 ][' + += HgK
A
A                                      (5-4) 
Obviously the ratio of A0/A is proportional to the mercury concentration. Thus the 
relationship between absorption and mercury concentration forms the basis for 
determination of ions. 
 
Generally the fluorescence intensity is proportional to the quantum yield η and 
the excitation intensity I0, described in equation (5-5):15 
=F                                                     (5-5) 
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Where α, c and l denote molar absorbance coefficient, fluorophore concentration and 
the length of light path respectively, as shown in above paragraphs.  In dilute 
solutions, equation (5-5) can be simplified as:  
clIF η α0=  
The fluorescence intensity in solution consists of two portions: one contributes 
to the e
])[11 HgP
                                               (5-6)
 
mission of free base porphyrin, which is defined as FH2P; the other contributes to 
the emission of metal complexes, which is defined as FHgP. We can describe the 
intensity as shown in equation (5-7): 
][( 20002 PHlIFFF HgPPH αηαη +=+=                                (5-7) 
where 0 and 1 denote the free base porphyrin and 
quations, we can easily deduce the following equation: 
metal complexes, respectively. If one 
defines F0 and F1 as the fluorescence intensities in the absence and presence of metal 
ions,           
from the above e
][/] 2201 +++− HgKHFF                                            (5-8) 






][ +− = HFF                                                         (5-9) 
 
If the intensity of metal complex F1 << F0 or in static quenching, equation (5-9) 













0 =F                                                  (5-10) 
It can also be described as a logarithm relation:  
21 ][ +− HFF
20 ][− += + KLogHgLogFFLog
                            (5-11) 
 The relationship between PL intensity and Hg2+ concentration as expressed by 
equations (5-8) ~ (5-11) serves as the basis for 
 Influence on Absorption and Emission 
.4.2.1 Absorption of P1 in the absence and presence of mercury (II) 
ission was measured using 
on was added 
success
indicating a decrease of the free base P1 concentration. Meanwhile the occurrence of 
a red-sh





The influence of metal ions with absorption and em
titration methodology. A small amount of ion aqueous soluti
ively into porphyrin/THF solution and tested immediately. Figure 5.3 shows 
the absorption change of P1 at different mercury concentration. 
 
With the addition of Hg2+, the absorption at 409 nm decreases gradually, 
ifted 425 nm absorption band is observed attributed to the mercury complex. 
This pattern indicates the formation of mercury-porphyrin complex. When the 
concentration of mercury increases to 7 μM, the absorption at 409 nm decreases 
significantly and that at 425 nm increases. When the mercury concentration continues 
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to increase up to 13 μM, the absorption at 425 nm remains constant, which means the 
metal complexation is saturated. 


























Figure 5.5 Absorption of P1 upon the adding of Hg2+, [P1] = 1 μM, [Hg2+]: (1) 0, 1, 
3, 5, 7, 9, 11 and 13 μM 
 
The Q-bands also change upon the increase of mercury concentration. The 
four bands reduce to two bands gradually, where the band of 506 nm disappears when 
mercury concentration increases to 13 μM, which means the second spin electron 
vibronic transition is prohibited. Similar phenomenon is observed for the band of 639 





5.4.2.2 Absorption P1 in the absence and presence of other metal ions 
 measured, by 
mainta
igure 5.6 shows the absorption of P1 in the presence of other metal ions. 
There 
0 650 700
The influence of other metal ions on absorption of P1 was also
ining same condition as that in mercury test, e.g. identical porphyrin 
concentration and temperature. Tested metal ions include Ca2+, Cd2+, Cu2+, Co2+, 
Mn2+, Zn2+and Pb2+, which are main contaminants in water environment.  
 
F
is no significant variation observed for those metal ions even their 
concentrations are 1000-fold that of mercury (II), indicating that P1 has very low 
sensitivity to such heavy metal ions, compared to mercury (II).  





























































































































Figure 5.6 Influences of other metals on absorption of P1, [P1] = 1 μM, [M2+] = 1, 
10, 100 and 1000 μM 
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5.4.2.3 Emission of P1 in the Absence and Presence of Mercury (II) 
Figure 5.7 shows the emission of P1 upon the addition of Hg2+. The 
fluorescence of P1 decreased gradually once mercury was added. For example, when 
the mercury concentration reached 1μM, the fluorescence quenched approximate 3 %; 
as the mercury concentration increased to 5 μM, the fluorescence quenched 
approximate 9 % and 18 % at 10 μM. When mercury concentration reached 15 μM, 
only 36 % of original fluorescence left. From Figure 5.8(a), we can easily observe that 
the quenching of intensity displays a sharp decrease after 10 μM. A linear quenching 
can only occur at lower mercury concentration, which conforms to Stern-Volmer 
quenching, as shown in Figure 5.8(b). From plot b, one can calculate the detection 
limit, which is approximately 1μM. 



















Figure 5.7 Emission of P1 upon the addition of Hg2+, [P1] = 1µM, [Hg2+]: 0, 0.1, 1, 5, 
10, 15, 20, and 25 μM 
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Figure 5.8 Relative fluorescence intensity F0/F vs [Hg2+] 
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5.4.2.4 Absorption of P2 without and with mercury (II) 
  Using similar methodology to P1, the influences of metal ions on the 
absorption of P2 in THF was investigated.  


















Figure 5.9 Absorption of P2 upon the addition of Hg2+, [P2] = 1 μM, [Hg2+] = 0, 1, 3, 
5, 7, 9, 11, 13, and 15 μM 
 
  Upon the addition of Hg2+, the maximum absorption red shifted with the 
appearance of absorption at 450 nm as a shoulder, with Q-bands reducing to two 
bands, which indicates the formation of a mercury porphyrin complex. Figure 5.9 also 
suggests that the extinct coefficient of mercury porphyrin is smaller that P2 itself, 





5.2.4.5 Emission of P2 in THF in the Absence and Presence of Mercury (II) 
  Figure 5.10 shows the emission spectra of P2 upon the addition of Hg2+. The 
fluorescence of P2 was quenched obviously after a mercury concentration of 10 µM, 
at which the fluorescence quenched approximate 10 %. When mercury concentration 
reached 15 µM, only 22 % of original fluorescence left. When the mercury 
concentration continued to increase, the fluorescence remained constant. 
   
  From figure 5.11a, one can easily observe that the quenching of intensity 
displays an S-shape change, which is similar to that of P1. A linear quenching can 
only occur at lower mercury concentration, which conforms to Stern-Volmer 
quenching, as shown in Figure 5.9b. From the linear plot, the detection limit is 

























Figure 5.10 Emission of P2 upon the addition of Hg2+, [P2] = 1µM, [Hg2+]: 0, 1, 5, 10, 
12.5, 15, and 20 μM 
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  Two triphenylamine substituted porphyrins (P1 and P2) at para positions 
were synthesized. Both show high selectivity for mercury (II) over other metal ions. 
Their maximum absorption wavelength red shifted, resulting from the lower π-π* 
energy transition of metalloporphyrins. These results indicate that both P1 and P2 are 
efficient for detecting mercury ions. Their quantitative determination would be 
possible based on fluorescence quenching plots. The detection limits of P1 and P2 are 
1 and 2 µM, respectively. 
   
  However, due to the hydrophobic nature of P1 and P2, both detection limit 
and operation range hinder the practical application in environmental analysis. 
Further studies could be focused on the improvement of water solubility by 




  All the new compounds were characterized by 1H NMR, 13C NMR, mass 
spectrascopies and elemental analysis. NMR spectra were collected on a Bruker DPX 
300 or DPX 500 spectrometer with d-chloroform and/or d4-methanol as the solvent. 
The UV-vis absorption spectra were recorded on a SHIMAZU UV-Vis 1770 
spectrometer. The fluorescence emission spectra were recorded on a Perkin Elmer 
LS55 fluorometer. EI-mass analysis and elemental analysis were carried out by the 
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Chemical Molecular and Materials Analysis Centre (CMMAC) of the National 
University of Singapore. 
 
5.6.2 Reagents 
  Paraformaldehyde, acetic acid and trifluoroacetic acid were used as received 
from Aldrich or Fluka without further purification. Pyrrole was redistilled under 
reduced pressure. Dichloromethane was distilled under nitrogen atmosphere over 
calcium hydride. Other solvents (AR grade) were used without further purification. 
Triphenylamine aldehydes were synthesized in previous chapters. Metal salts, e.g. 
mercury acetate, zinc acetate, etc were used as received. A stock mercury (II) solution 
with a concentration of 10-2 M was prepared from Hg(CH3COO)2, together with several 
drops of nitric acid. Other concentrations were prepared by diluting the stock solution. 




  A mixture containing 15 ml of pyrrole and 0.162 g of paraformaldehyde was 
treated with 23 ml of acetic acid and 8 ml of methanol. The mixture was stirred at room 
temperature for 22 hours under argon. The solution was diluted with 75 ml of 
dichloromethane, washed with 45 ml of water (twice), 45 ml of potassium hydroxide 
(10 %, twice), 45 ml of water (twice) and dried over anhydrous sodium sulphate. 
Excess pyrrole was distilled out under reduced pressure. The crude product was 
purified on silica gel using 3:1 hexane/CH2Cl2 as the eluent to give 21 as a white solid 
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(0.29 g, 37 %). 1H NMR (300MHz, CDCl3): δ 7.91(br, 2H), 6.67(d, 2H), 6.15(m, 2H), 
6.04(s, 2H), 3.99(s, 2H); 13C NMR (75MHz, CDCl3): δ 117.2, 108.4, 106.3, 26.4; 
mass-EI: 146.9 (M+, 100) 
 
P1 
  A solution containing 0.3 g of 4-(diphenylamino)benzaldehyde and 0.156 g of 
dipyrromethane in 180 ml of dry CH2Cl2 was degassed for 30 mins. Three drops of 
trifluoroacetic acid (TFA) were added. Then the mixture was stirred overnight at room 
temperature under argon flow. 1.1 g of chloranil was added and the reaction mixture 
was heated to reflux for 1 h. The mixture was washed with water and dried over 
anhydrous Na2SO4. After the solvent was removed under reduced pressure, the black 
residue was purified over silica gel using 3:1 hexane/CH2Cl2 as the eluent then washed 
with hexane to give P1 as a deep purple solid (0.235 g, 27 %).  Further purification 
was carried out by continuous extraction with methanol to remove trace chloranil. 1H 
NMR (500 MHz, CDCl3) δ 10.31(s, 2H), 9.42(d, 4H), 9.22(d, 4H), 8.14(d, 4H), 7.50(d, 
4H), 7.44(d, 16H), 7.16(tr, 4H), -3.0(s, 2H); MALDI-TOF: Calcd, 796.331; Found, 




  A solution containing 0.2 g of BTPHA aldehyde and 0.075 g of 
dipyrromethane in 90 ml of dry CH2Cl2 was degassed for 30 mins. Three drops of 





                                                
temperature under argon flow. 0.5 g of chloranil was added and the reaction mixture 
was heated to reflux for 1hr. The mixture was washed with water and dried over 
anhydrous Na2SO4. After the solvent was removed under reduced pressure, the black 
residue was purified over silica gel using 3:1 hexane/CH2Cl2 as the eluent then washed 
with hexane to give P2 as a deep purple solid (0.105 g, 40 %).  Further purification 
was carried out by continuous extraction with methanol to remove trace chloranil. 1H 
NMR (500 MHz, CDCl3) δ 10.32(s, 2H), 9.43(d, 4H), 9.21(d, 4H), 8.35(s, 4H), 7.53(d, 
8H), 7.26(tr, 8H), 1.89(s, 24H), 1.80(s, 12H), -2.90(s, 2H); MALDI-TOF: Calcd, 
1037.523; Found, 1037.952; Anal. Calcd C74H64N6: C, 85.68; H, 6.22; N, 8.10; Found: 
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Chapter 6 Effect of Various pi Linkages on Triphenylamines 
 
6.1 Introduction 
  Aromatic polymers and oligomers have been attractive materials for use in 
electric devices. For instance, fluorenes exhibit broad applications in organic light 
emitting diodes (OLEDs) because of their bright blue emission and high 
photoluminescence quantum efficiency.1 Besides, fluorenes with aromatic amines are 
known for their superior hole-transport properties compared to fluorenes themselves,2 
in which triphenylamine has been used widely due to its notable advantages, e.g. good 
hole-transporting ability, improved solubility and stability. As we discussed previously, 
the chemical and physical properties heavily depend on the molecular structures. 
Changing from triphenylamine to bridged triphenylamine results in improved electron 
donating ability by maximize the extent of conjugation by enhancing π-orbital overlap. 
Thus the relationship between structures and properties among molecules combing 
triphenylamines as donors and aromatics, ethylene or ethynylene as linkages has been 
our interest to focus on.  
 
  Another category of phenylacetylene macrocyles (PAMs) have been our 
interest because of their potentials as functional materials. After the first unsubstituted 
PAM was synthesized in 1974,3 various PAMs,4 and PAM derivatives5 with large 
cavity have been synthesized and their self-association in solution,6 organization to 
 111
porous molecular crystals,7 liquid crystals,8 monolayer surfaces,9 molecular turnstile 
were studied. 10  The conformationally rigid and shape-persistent molecules of 
nanometer scale show that properties based on nonbonding interactions can in principle 
be fine-tuned by modifying the molecular size and shape of PAMs, nature of the 
functional groups attached to the periphery, and interior of the PAMs framework. The 
capability of the acetylene linkage to transmit electronic perturbation within a 
conjugated system makes them useful components in the construction of molecular 
wires,11 conjugated dendrimers,12 and optical systems.13 
PAM  
 
Figure 6.1 Structure of an unsubstituted PAM 
 
  The greatly extended π conjugation systems of planar PAMs show high UV 
absorption in short wavelength, which suggests the potential for nonlinear optical 
activities. Synthesis of efficient TPA materials is important because such molecules 
would exhibit greater sensitivity in the two-photon activated processes and allow lower 
 112
laser intensities to be used for excitation, which would in turn reduce the probability of 
optical damage. Donor-acceptor-substituted PAMs have been synthesized for 
two-photon absorption. 14  Herein introducing triphenylamine as a good electron 
donating molecule has been our aim to develop newly functional material. 
 
6.2 Molecular Design 
  In this chapter, triphenylamines with various linkages were designed and opt 
to study their optical and electrochemical properties (Figure 6.1). These molecules 




























































Figure 6.2 Triphenylamines with various pi linkages 
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6.3 Results and Discussion 
6.3.1 Synthesis 
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Scheme 6.1 Synthetic routes to triphenylamine derivatives 
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   Most of the methodologies involved in these triphenylamines were similar to 
previous chapters. Herein we want to emphasize that bromination of fluorene with 
brominated hydantoin can only yield 2-bromofluorene due to the activity of 
hydantoin. 2,7-dibromofluorene was successfully synthesized from bromine. 
  For phenylacetylene macrocyles T3C, high diluted solution with successive 
addition of palladium (II) as the catalyst finally gave T3C as a pure solid. However 
B3C was not successfully synthesized. Instead, a mixture of oligomers was obtained, 
possibly due to the steric hindrance. 
 
6.3.2 Absorption and Emission  
As shown in Figure 6.3a, compared with dimmers based on triphenylamine 
(T0), maximum absorption of bridged triphenylamine (B0)-based dimmers display red 
shift by 15 and 25 nm, i.e. B3L1 has a maximum absorption at 398 nm while T3L1 
does have at 372 nm; B2L1 shows maximum absorption at 402 nm while T2L1 shows 
at 387 nm. The maximum absorption shifts indicate that introducing methylene-bridge 
does extend the conjugation length. In addition, one can easily observe the difference 
between the acetylene and ethylene linkages. Ethylene linkage makes the absorption 
shift to longer wavelength, for both T0s and B0s. 
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Figure 6.3 Normalized absorption (a) and Emission (b) of T3L1, B3L1, T2L1 and 
B2L1 in CHCl3, concentration: 1 μM 
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  Similar shifts can be observed in emission spectra (Figure 6.3b). The emission 
peak of dimmer T3L1 is at 425 nm, while B3L1 emits at 429 nm with a longer onset 
wavelength; dimmer B2L1 emits a significant red-shift by 16 nm compared with T2L1, 
which emits at 439 nm. Generally dimmers with acetylene as linkages emit blue light, 
while those with ethylene emit green light. 


































Figure 6.4 Normalized absorption and emission of TFL1 and BFL1 in toluene, 
concentration: 1 μM  
 
  A significant red-shift by 18 nm going from TFL1 to BFL1 can be observed 
from the absorptions (Figure 6.4). TFL1 absorbs maximum at 369 nm; while BFL1 
absorbs at 387 nm. By comparing their structures, the only difference is from the cap 
molecules. Introducing methylene bridge makes the electronic conjugation length 
growing and lower the π-π* energy gap. Figure 6.4 also shows their normalized 
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emission spectra. TFL1 emits at 413 nm; while BFL1 emits at 435 nm, which 
red-shifted by 22 nm. This red shift should also be attributable to bridged 
triphenylamine which is verified an extensive electron delocalization in previous 
chapters.  



























Figure 6.5 Normalized absorption and emission of TFL0 and BFL0 in toluene, 
concentration: 1 μM 
 
  A red shift of 15 nm can be observed going from the absorption of TFL0 to 
that of BFL0, where TFL0 absorbs maximum at 363 nm and BFL0 absorbs at 387 nm. 
Introducing methylene bridge makes the electronic conjugation length growing and 
lower the π-π* transition energy. Figure 6.5 also shows their emission spectra excited at 
their maximum absorption wavelength respectively. TFL0 emits at 402 nm; while 
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BFL0 emits at 422 nm, which red shifts by 20 nm. This red shift should also be 
attributable to bridged triphenylamine.  
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Figure 6.6 Normalized absorption and emission of TFL2 and BFL2 in toluene, 
concentration: 1 μM 
 
  Similar changes can be observed when we compare the absorption and 
emission of TFL2 and BFL2. A red shift of 14 nm is found in absorption going from 
TFL2 to BFL2, and 15 nm in emission. Due to increase of molecular size, star shaped 
molecules TFL2 and BFL2 show overall red-shift in comparison to their 
corresponding linear molecules TFL1, BFL1, TFL0, and BFL0. 
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Figure 6.7 Absorption and emission of T3C in CHCl3, concentration: 1 μM 
 
  The quantum yields of these molecules are summarized in Table 6.1. By 
changing functional portion from triphenylamine to bridged triphenylamine, the 
quantum yield does not change much. 
Table 6.1 Oligomers quantum yields* 
 T2L1 B2L1 T3L1 B3L1 TFL1 BFL1 TFL0 BFL0 TFL2 BFL2 T3C 
λabs/nm 387 402 372 398 369 387 363 387 384 395 394 
Λem/nm 439 455 425 429 413 435 402 422 425 436 432 
QY 0.54 0.64 0.45 0.43 0.70 0.66 0.67 0.61 0.55 0.60 0.58 
* Quantum yield was calculated with sulfur quinoline in 0.1M H2SO4 as a reference. 
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6.3.3 Electrochemical Properties 
  The electrochemical behavior of the oligomers were examined by cyclic 
voltammetry (CV) (Figure 6.8-10) 























Figure 6.8 Cyclic voltammetry of T2L1, T3L1, B2L1 and B3L1 in CHCl3; 
concentration: 10-5 M   
 
  When two molecules of T0 are linked via an ethylene bridge to form T2L1, 
the resultant cyclic voltammogram displays two one-electron oxidation processes 
separated by 90 mV, indicating that the unpaired electrons are substantially localized. 
We noted that the increase in the number of electrons transferred in going from T0 to 
T2L1 does not correspond to a doubling of current, because the diffusion coefficient of 
T2L1 diminishes compared to T0, due to an increase in molecular size. In the 
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analogous B0 compound, B2L1, the ΔEo'-value is slightly larger (120 mV) than 
observed for T2L1, indicating that the nature of the linkage between the redox centers 
is not the only factor that determines the degree of localization. When an acetylene 
linkage is used instead of an ethylene linkage to form compounds T3L1 and B3L1, the 
ΔEo'-values (210 and 180 mV respectively) increase (compared to T2L1 and B2L1) 
due to increased electronic conductivity of the acetylene linkage increasing the 
communication between the redox centers. Interestingly, the 30 mV increase in ΔEo' in 
going from T2L1 to B2L1, occurs in the reverse direction in going from T3L1 to B3L1, 
and the reason is not clear so far and further study is required to investigate. 




























Figure 6.9 Cyclic voltammetry of fluorene-containing oligomers TFL0, BFL0, 
TFL1, BFL1, TFL2 and BFL2. 
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  Triphenylamine (T0) and bridged triphenylamine (B0)-based compounds 
linked to 9,9’-dihexylfluorene were also examined by cyclic voltammetry (Figure 6.9). 
9,9’-dihexylfluorene does not display an oxidation process within +1.5 V of Fc/Fc+, 
thus the electrochemical responses shown in Figure 6.8 are associated with the T0 or 
B0 functionalities. T0 bonded to one 9,9-dihexylfluorene group through an acetylene 
(TFL0) displays one one-electron oxidation process at + 0.5 V vs Fc/Fc+ with an 
ipox/ipred-ratio > 1 (at υ = 100 mV s-1), indicating chemical instability of the oxidized 
compound (similar to T0 in chapter 2). The analogous B0 compound bonded to one 
9,9’-dihexylfluorene group (BFL0) displayed one oxidation process with an 
ipox/ipred-ratio = 1 (at υ = 100 mV s-1) indicating improved chemical stability of the 
oxidized compound compared to TFL0. When three 9,9’-dihexylfluorene groups were 
symmetrically bonded to a T0 or B0 through ethynyl linkages (TFL2 and BFL2), only 
one chemically reversibly one-electron oxidation process was detected at potentials < 
+1.5 V, because the 9,9’-dihexylfluorene groups are electro-inactive in this region. The 
ipox-values observed during cyclic voltammograms of TFL2 and BFL2 were 
significantly less than observed during cyclic voltammograms of equivalent 
concentrations of TFL0 and BFL0 because of larger diffusion coefficients in the 
monosubstituted compounds (TFL0 and BFL0) due to their molecular size. Cyclic 
voltammetry indicated that the chemical stability of the oxidized form of the 
tri-substituted T0 compound (TFL2) was improved compared to the mono-substituted 
form (TFL0) from a comparison of ipox/ipred-ratios. 
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  When two T0 or B0 compounds were linked through one 9,9’-dihexylfluorene 
bridging group (TFL1 and BFL1), significant larger ipox-values of the two molecules 
from cyclic voltammograms indicated two very closely spaced one-electron oxidation 
processes (Table 6.1), indicating that there was little electronic communication 
through the 9,9’-dihexylfluorene group and indicating a Class 1 system. 15  The 
Eo-values for the first two one-electron processes in TFL1 were sufficiently separated 
to slightly alter the cyclic voltammetry peak shape from that observed for a single 
process, while the two electron transfers appeared as one process for BFL1 (indicating 
even less communication in BFL1). TFL1 and BFL1 also showed additional 
one-electron chemical reversible processes after the first oxidation process. 
 
  The two cyclic compounds containing six T0 or B0 units (T3C and B3C, 
mixture, not separated successfully) and linked through acetylene spacers showed 
several closely spaced voltammetric processes, although there was significant 
ambiguity in the cyclic voltammetry data regarding the number of electrons transferred 
and the chemical reversibility (Figure 6.10). B3C mixture showed three oxidized 
potentials, i.e. 0.265V, 0.430V and 0.540V. These values are obviously lower than 
those of T3C, which implies a better electron donating property. A higher HOMO 
energy indicates better hole-transporting ability, and would be important and helpful in 
electroluminescence, nonlinear optics, etc. 
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Figure 6.10 Cyclic voltammetry of PAMs T3C, and B3C Mix 
 
Table 6.2 Approximate formal potentials (Eo) and number of electrons transferred 
during the oxidation, measured in CH2Cl2 with 0.1 M Bu4NPF6 at 293 ± 5 K. 
 
Compound Eo / V a,b 
 Process 1 Process 2 Process 3 Process 4 
T2L1 +0.235 (1) +0.325 (1)   
B2L1 +0.130 (1) +0.250 (1)   
T3L1 +0.390 (1) +0.600 (1)   
B3L1 +0.155 (1) +0.335 (1)   
TFL0 +0.500 (1)    
BFL0 +0.230 (1)    
TFL2 +0.510 (1)    
BFL2 +0.375 (1)    
TFL1 +0.410 (1) +0.485 (1) +1.040 (1)  
BFL1 +0.195 (2) +0.970 (1) +1.205 (1)  
T3C +0.410 (?) +0.640 (?)   
B3C mix +0.265 (?) +0.430 (?) +0.540 (?)  
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aPeak potential vs. Fc/Fc+ to the nearest 5 mV measured by square wave voltammetry 
and assuming electrochemical reversibility. bNumber of electrons associated with each 
process are given in parenthesis. In situations where peak currents suggest that two or 
more electrons are transferred, there is an error in the potential due to individual 
one-electron transfers possibly being indistinguishable from one other. 
 
6.4 Summary 
  Tripheylamine (T0) and bridged triphenylamine (B0) with various pi 
linkages, e.g. ethylene, ethynylene, fluoreyl, were synthesized. Their optical and 
electrochemical properties were examined. Different electron delocalization was 
observed upon T0 or B0 were bond with various pi linkages. Oxidation current, 
electron transferred and separation potentials well show the degree of delocalization. 
Furthermore, as figured in previous chapters, B0 works as a better electron donating 
group, extending the conjugation length efficiently and lowering the oxidation 
potentials, which indicates higher HOMO energy level molecules and possibly 




  A solution of 3g T0 in 50ml dry DMF was cooled in ice bath under argon 
protection. A solution of 11.4ml POCl3 in 15ml dry DMF was added slowly and stirred 
at 0oC. The mixture was warmed to room temperature slowly and stirred for another 
0.5hrs till a deep orange suspension appeared, then heated to 80oC. After stirred 
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overnight, the mixture was neutralized with AcONa, and then extracted by CH2Cl2. 
After washed by large amount of water, the solvent was distilled out. The crude was 
purified over silica gel to give a yellow solid (2.42g, 73%). 1H-NMR (300MHz, CDCl3) 
δ 9.81(s, 1H), 7.68(d, 2H), 7.34(tr, 4H), 7.17(m, 6H), 7.02(d, 2H); 13C-NMR (300MHz, 




  A suspension consisting 1.48g Ph3PCH3I and 50ml anhydrous ether was 
cooled down to -78oC. Under argon atmosphere, 2.4ml 1.6M butyllithium was added 
dropwise. The suspension was slowly warmed to room temperature and stirred for 1hr 
until a yellow suspension formed. 0.5g aldehyde 22 in 100ml anhydrous ether was 
injected in one portion to give a deep yellow suspension quickly. The mixture was 
stirred overnight. Water was injected slowly to quench the reaction. After extracted 
with ether and washed by brine, the solvent was distilled out under reduced pressure. 
The crude was purified over silica gel with hexane as the eluent to give a slight yellow 
solid (0.191g, 39%). 1H-NMR (300MHz, CDCl3) δ 7.28(m, 6H), 7.10(m, 4H), 7.02(m, 






  A solution of 0.3g BTPHA in 20ml acetic acid was added 0.068g KI and 
0.087g KIO3. The mixture was heated to 55oC and stirred for 2hrs. After extracted with 
CH2Cl2 and washed by water and brine, the solvent was distilled out. The crude solid 
was purified over silica gel with hexane as the eluent followed by recrystallization in 
ethanol to give a white solid (0.25g, 63%). 1H-NMR (300MHz, CDCl3) δ 7.66(s, 2H), 
7.41(tr, 4H), 7.17(tr, 2H), 1.67(s, 6H), 1.64(s, 12H); Mass-EI: 491.0 
 
Compound 25 can also be prepared by similar method using 2 equiv iodination agents. 
 
N-4-Trimethylsilylethynylphenyl diphenylamine 26 
  A 100ml round bottom flask equipped with a condenser was charged with 
0.45g 4-bromo-N,N-diphenylbenzenamine and 45ml triethylamine. After the reaction 
mixture was bubbled with argon for 15 minutes, 13mg CuI, 81mg Pd(PPh3)4 and 
0.24ml trimethylsilyl acetylene were added. The mixture was then refluxed under 
argon for 15 hours before the addition of water to quench the reaction. The mixture was 
extracted by CH2Cl2 and dried over anhydrous Na2SO4. The crude product was purified 
by chromatography on silica gel using hexane as the eluent to give 0.3g yellow solid 
(63%). 1H-NMR (300MHz, CDCl3) δ 7.40 (d, 2H), 7.32 (tr, 4H), 7.14 (m, 6H), 7.03(d, 
2H), 0.34 (s, 9H); 13C-NMR (300MHz, CDCl3) δ 148.0, 147.1, 132.9, 129.3, 124.9, 
123.5, 122.1, 115.9, 105.4, 93.0, 0.07; Mass-ESI: 341.1(M+, 100) 
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N-4-ethynylphenyl diphenylamine 27 
  A solution of 0.36g 26 in 20ml 1:1 MeOH/THF with 0.67g KOH in 3ml water 
was stirred for 2 hours. After extracted with CH2Cl2, washed by brine and dried over 
anhydrous Na2SO4, solvent was removed and 0.27g yellow solid was obtained (yield 
96%). The compound was used without further purification. 1H-NMR (300MHz, 
CDCl3) δ 7.38 (d, 2H), 7.31 (tr, 4H), 7.14(m, 6H), 7.02(d, 2H), 3.06 (s, 1H); 13C-NMR 
(300MHz, CDCl3) δ 148.3, 147.1, 133.0, 129.4, 125.0, 123.6, 122.0, 114.7, 83.9, 76.2; 
Mass-ESI: 269.1(M+, 100)  
 
2,7-dibromofluorene 28  
  A dilute solution of Br2 (2.1 equiv) in chloroform was added slowly to a 
solution consisting fluorene in chloroform, which was cooled in an ice bath. After the 
addition was complete, the reaction mixture was stirred at room temperature overnight. 
The mixture was neutralized with excess of NaOH and extracted with chloroform. 
After the organic phase was washed by Na2S2O3 and brine, the solvent was removed 
under reduced pressure. The residue was recrystallized with ethanol to give colorless 
crystal with a yield of 90%. 1H-NMR (300MHz, CD2Cl2) δ1H NMR (CDCl3, 500 





2,7-dibromo-9,9-dihexyl-fluorene 29  
  To a mixture consisting 10g 2,7-dibromofluorene 28, 12ml 50% NaOH, 50ml 
DMSO and a catalytic amount of tetraethylammonium chloride, a solution of 12.74g 
bromohexane in 10ml DMSO was added slowly. The mixture was cooled to room 
temperature and stirred for 6hrs. The reaction mixture was poured into water and 
extracted with dichloromethane. The organic phase was washed with water and dried 
over magnesium sulfate. After removal of solvent, the residue was purified over silica 
gel using hexane as the eluent followed by recrystallization in ethanol to give 10.7g 
colorless crystal with a yield of 70%. 1H NMR (CDCl3, 500 MHz) δ 7.50-7.46(m, 4H), 
7.44-7.43(d, 2H), 1.93-1.88(m, 4H), 1.16-1.03(m, 12H), 0.75(tr, 6H), 0.60-0.58(m, 
4H); 13C-NMR (300MHz, CD2Cl2) δ 152.5, 139.0, 130.1, 126.1, 124.4, 121.1, 55.6, 
40.1, 31.4, 29.5, 23.6, 22.5, 13.9; MS-EI: 492 
 
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dihexylfluorene 30 
  To a solution of 5g 2,7-dibromo-9,9-dihexylfluorene (29, 9.1 mmol) in 70ml 
THF at -78 °C, 7.64 mL (19.11mmol) of n-butyllithium (2.5M in hexane) was added by 
syringe. The mixture was slowly warmed to room temperature for 30 mins, and cooled 
again at -78 °C for 15 min. 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane(4.00 
g, 21.5mmol) was added rapidly to the solution, and the resulting mixture was warmed 
to room temperature and stirred for 24 h. The mixture was poured into water and 
extracted with ether. The organic extracts were washed with brine and dried over 
 136
magnesium sulfate. The solvent was removed by rotary evaporation, and the residue 
was purified by column chromatography using 1:10 ethyl acetate/hexane as the eluent 
to provide 3.80 g (65%) of the title product as a pale-yellow solid. HNMR (300MHZ, 
CDCl3): δ 7.80 (d, 2H, J = 7 Hz), 7.74 (s, 2H), 7.71 (d, 2HJ = 7 Hz), 1.98-2.02 (m, 4H), 
1.39 (s, 24H), 0.98-1.10 (m, 12H), 0.74 (tr, 6H, J = 7 Hz), 0.50-0.59 (m, 4H). 13C NMR 
(75 MHz, CDCl3): δ 150.14, 143.59, 133.33, 128.60, 119.04, 83.38, 54.85, 39.76, 
31.10, 29.30, 24.61, 23.24, 22.23, 13.68. EI-Mass: 584.38 
 
2-bromofluorene 31 
  A mixture consisting 5g fluorene, 4.3g hydantoin, 7.5ml H2SO4 (2M) and 
150ml dichloromethane was stirred at room temperature for 2hrs. The mixture was 
washed by water and dried over MgSO4. After the solvent was removed, the residue 
was purigied over silica gel using hexane as the eluent to give 6.37g white solid (86%). 
HNMR (300MHZ, CDCl3): δ 7.62 (d, 1H), 7.56 (t, 2H), 7.43 (m, 2H), 7.30-7.28 (m, 
2H), 3.72 (s, 2H); 13C NMR (75 MHz, CDCl3): δ 145.1, 143.4, 141.2, 130.0, 128.5, 
127.1, 127.0, 125.4, 121.9, 120.5, 119.5, 37.0; EI-Mass: 244.01 
 
2-bromo-9,9-dihexyl-fluorene 32  
  To a mixture consisting 6.37g 2-bromofluorene 31, 2.29g NaOH, 40ml 
DMSO and 5ml H2O, a solution of 9.2ml bromohexane in 5ml DMSO was added 
slowly. The mixture was cooled to room temperature and stirred overnight. The 
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reaction mixture was poured into water and extracted with dichloromethane. The 
organic phase was washed with water and dried over magnesium sulfate. After removal 
of solvent, the residue was purified over silica gel using hexane as the eluent to give 
9.1g slight yellow oil (85%). 1H NMR (CDCl3, 300 MHz) δ 7.64-7.68 (m, 1H), 
6.53-6.56 (d, 1H), 7.42-7.45 (m, 2H), 7.31-7.34 (m, 3H), 1.85-2.00 (m, 4H), 1.08-1.14 
(m, 12H), 0.74-0.78 (m, 6H), 0.57-0.61 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 153.0, 
150.3, 141.1, 140.1, 140.0, 129.8, 127.4, 126.9, 126.6, 126.1, 122.8, 121.0, 119.7, 55.3, 
40.4, 31.4, 29.6, 23.6, 22.5, 13.9; EI-Mass: 412.2, 414.2. 
 
2-(trimethylsilyl ethynyl)-9,9-dihexylfluorene 33 
  A mixture consisting 0.38g 2-bromo-9,9-dihexyl-fluorene 32, 9mg CuI, 33mg 
Pd(PPh3)2Cl2 and 20ml triethylamine was degassed for 15mins. Then 0.16ml 
trimethylsilyl acetylene was injected by a syringe. The mixture was stirred at 70°C 
overnight in argon atmosphere. The mixture was poured into water and extracted by 
dichloromethane. After the solvent was removed under reduced pressure, the residue 
was purified over silica gel using hexane as the eluent to give 0.24g yellow solid (61%). 
1H NMR (CDCl3, 300 MHz) δ 7.65-7.66 (m, 1H), 7.59-7.61 (m, 1H), 7.44-7.46 (m, 
2H), 7.29-7.31 (m, 3H), 1.91-1.97 (t, 4H), 1.02-1.05 (m, 12H), 0.74-0.75 (t, 6H), 




  A mixture consisting 0.24g 33, 0.67g KOH, 3ml H2O, 5ml THF and 8ml 
methanol was stirred at room temperature for 3hrs. The reaction mixture was poured 
into water and extracted with dichloromethane, then dried over anhydrous Na2SO4. The 
solvent was removed under reduced pressure to give 0.19g yellow solid (96%). 1H 
NMR (CDCl3, 300 MHz) δ7.65-7.69 (m, 1H), 7.62-7.63 (m, 1H), 7.46-7.49 (m, 2H), 
7.31-7.32 (m, 3H), 3.13 (s, 1H), 1.91-1.97 (t, 4H), 1.11-1.13 (m, 12H), 0.73-0.78 (t, 
6H), 0.56-0.58 (m, 4H). 
 
4,4’-diiodo-triphenylamine 35 
  To a solution containing 0.25g triphenylamine in 50ml chloroform, 0.46g 
N-iodosuccinimide was added in small portions. A deep purple solution formed after 
3hours. Reaction was quenched with water and extracted with dichloromethane. After 
dried over anhydrous sodium sulfate, solvent was distilled out. The crude product was 
recrystallized from ethanol to afford 0.38g light yellow solid (75%). 1H NMR (CDCl3, 
300 MHz) δ 7.50-7.53 (d, 4H), 7.24-7.27 (m, 2H), 7.04-7.07 (m, 3H), 6.80-6.83 (d, 4H); 




  A mixture containing 1g 35, 0.02g CuI, 0.07g Pd(PPh3)2Cl2 and 100ml 
triethylamine was degassed for 30mins. 0.9ml trimethylsilylacetylene was injected 
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under argon. The reaction mixture was heated to 50oC and stirred for 3hours. The crude 
product was purified over silica gel using 5:1 hexane/CH2Cl2 as the eluent to give 0.82g 
yellow solid (93%). 1H NMR (CDCl3, 300 MHz) δ 7.36-7.37 (d, 4H), 7.31-7.34 (t, 2H), 
7.10-7.12 (m, 3H ), 6.97-7.00 (d, 4H), 0.27 (s, 18H); 13C NMR (75 MHz, CDCl3): δ 
147.3, 146.6, 133.0, 129.5, 125.3, 124.1, 123.1, 117.0, 105.5, 93.5, 0.02; EI-Mass: 
437.1. 
 
4,4’-Bisethyl triphenylamine 37 
  Trimethylsilyl group were removed in basic solution. Without further 
purification, 6-7 was used for next reaction. 1H NMR (CDCl3, 300 MHz) δ 7.29-7.32 
(d, 4H), 7.26-7.28 (t, 2H), 7.08-7.12 (m, 3H), 6.98-7.01 (d, 4H), 3.04 (s, 2H); 13C NMR 
(75 MHz, CDCl3): δ 147.6, 133.2, 129.6, 125.5, 124.3, 123.9, 123.1, 115.9, 83.6, 76.6. 
 
Compound 38 
  38 was synthesized using similar procedure with 36. A mixture containing 
0.15g 25, 2mg CuI, 11mg Pd(PPh3)2Cl2 and 20ml triethylamine was bubbled for 
30mins. 0.13ml trimethylsilylacetylene was injected under argon. The reaction mixture 
was stirred 3hours at 70oC. A yellow solid was finally obtained (0.075g, 54%). 1H 
NMR (CDCl3, 300 MHz) δ 7.5 (s, 4H), 7.38 (d, 2H), 7.16 (t, 1H), 1.63 (s, 12H), 1.60 (s, 
6H), 0.31 (s, 18H); EI-Mass: 557.1 
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4,4’-bisethynyl BTPHA 39 
  The above 38 was treated with 0.3g KOH, 5ml THF, 5ml methanol and 2ml 
H2O for 2hours to remove silyl group with a yield of 90%. 1H NMR (CDCl3, 300 MHz) 
δ 7.52 (d, 4H), 7.39 (d, 2H), 7.17 (t, 1H), 3.13 (s, 2H), 1.63 (s, 12H), 1.61 (s, 6H); 
13CNMR (CDCl3, 300 MHz) δ 132.1, 130.9, 130.1, 130.0, 116.3, 129.8, 127.6, 127.2, 
123.8, 84.2, 76.5, 35.4, 33.2, 32.5; EI-Mass: 413.1 
 
T2L1 
  A 25ml round flask equipped with reflux condenser was charged with 0.07g 
23, 0.079g 4-iodo-N,N-diphenylbenzenamine, 0.07g K2CO3, 0.064g n-BuN4Br, 5mg 
Ph3P, 4mg Pd(AcO)2, 6ml DMF and 0.6ml water. The mixture was stirred at 100oC for 
18hrs under argon protection. The mixture was extracted with CH2Cl2 and washed by 
water. After the solvent was distilled out under reduced pressure, the crude was 
purified over silica gel with hexane, and then 4:1 hexane/CH2Cl2 to give a light yellow 
solid (0.06g, 54%). 1H-NMR (300MHz, CD2Cl2) δ 7.37(d, 4H), 7.26(tr, 8H), 7.12(d, 
8H), 7.03(m, 8H), 6.95(s, 2H); 13C-NMR (300MHz, CDCl3) δ 147.6, 147.0, 131.9, 
129.2, 127.1, 126.6, 124.4, 123.7, 122.9; Mass-EI: 514.7 
 
B2L1 
  A 25ml round flask equipped with reflux condenser was charged with 0.07g 
20, 0.073g 24, 0.049g K2CO3, 0.045g n-BuN4Br, 3.5mg Ph3P, 3mg Pd(AcO)2, 5ml 
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DMF and 0.5ml water. The mixture was stirred at 100oC for 18hrs under argon 
protection. The mixture was extracted with CH2Cl2 and washed by water. After the 
solvent was distilled out under reduced pressure, the crude was purified over silica gel 
with hexane, and then 4:1 hexane/CH2Cl2 to give a yellow solid (0.04g, 36%). 
1H-NMR (300MHz, CD2Cl2) δ 7.56(s, 4H), 7.40(m, 8H), 7.14(m, 6H), 1.70(s, 24H), 
1.65(s, 12H); 13C-NMR (300MHz, CDCl3) δ 132.1, 131.3, 130.0, 129.9, 126.3, 123.6, 
123.5, 122.9, 121.5, 35.6, 33.3, 33.1; Mass-EI: 754.7 
 
T3L1  
  A mixture of 0.3g 27, 0.36g 4-bromo-N,N-diphenylbenzenamine, 16mg 
Pd(PPh3)2Cl2, 4.2mg CuI and 30ml triethylamine was refluxed overnight under argon 
atmosphere. The reaction mixture was quenched with water then extracted with CH2Cl2, 
washed by brine and dried over anhydrous Na2SO4. The crude product was purified by 
column on silica gel with hexane and 3:1 hexane/ CH2Cl2 to give 0.21g yellow solid 
(37%). 1H-NMR (300MHz, CDCl3) δ 7.35(d, 4H), 7.28(tr, 8H), 7.1(m, 8H), 7.06(m, 
4H), 6.97(m, 4H); 13C-NMR (300MHz, CDCl3) δ 148.2, 147.7, 132.7, 129.8, 125.4, 
124.0, 122.7, 116.8, 89.1; Mass-FAB: 512.6 
 
p-(Fluoryl-2-ethynyl) triphenylamine TFL0 
  A mixture, which consisted 0.09g 4-bromo-triphenylamine, 0.1g 
2-ethynyl-9,9-dihexylfluorene 34, 16mg Pd(PPh3)4, 2.7mg CuI and 6ml triethylamine, 
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was stirred overnight at 50°C under argon protection. The reaction mixture was poured 
into water and extracted by dichloromethane. After the solvent was removed under 
reduced pressure, the residue was purified over silica gel using hexane and 5:1 
hexane/CH2Cl2 as eluents to give 0.035g yellow solid (21%). 1H NMR (CDCl3, 300 
MHz) δ 7.64-7.67 (m, 2H), 7.47-7.50 (m, 2H), 7.40-7.42 (d, 2H) 7.25-7.31 (m, 7H), 
7.01-7.10 (m, 8H), 1.93-1.99 (t, 4H), 1.02-1.05 (m, 12H), 0.73-0.78 (t, 6H), 0.60-0.62 
(m, 4H); EI-Mass: 601.8. 
 
p-(Fluoryl-2-ethynyl)  bridged triphenylamine BFL0 
  A mixture, which consisted 0.155g 4-bromo-4’,4’’-tert-butyl-BTPHA 11, 
0.1g 2-ethynyl-9,9-dihexylfluorene 34, 16mg Pd(PPh3)4, 2.7mg CuI and 6ml 
triethylamine, was stirred overnight at 50°C under argon protection. The reaction 
mixture was poured into water and extracted by dichloromethane. After the solvent was 
removed under reduced pressure, the residue was purified over silica gel using hexane 
and 5:1 hexane/CH2Cl2 as eluents to give 0.05g yellow solid (22%). 1HNMR (CDCl3, 
300 MHz) δ 7.66-7.69 (m, 2H), 7.54-7.59 (m, 4H), 7.39 (s, 4H), 7.31-7.33 (m, 3H), 
1.96-2.01 (t, 4H), 1.69 (s, 6H), 1.53 (s, 12H), 1.37 (s, 18H), 1.06-1.11 (m, 12H), 
0.77-0.79 (t, 6H), 0.61-0.64 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 150.7, 150.6, 
145.1, 141.0, 140.6, 132.4, 130.4, 129.6, 129.2, 128.9, 127.3, 126.8, 126.7, 125.8, 
122.9, 122.0, 121.1, 120.3, 119.9, 119.6, 116.5, 90.4, 89.5, 55.1, 40.5, 35.9, 35.8, 34.5, 
34.3, 33.0, 31.5, 31.4, 29.7, 23.7, 22.6, 14.0; EI-Mass: 835.8 
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TFL1 
  A mixture, which consisted 0.058g 4-bromotriphenylamine, 0.048g 
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dihexylfluorene 30, 10mg 
Pd(PPh3)4, 0.056g K2CO3, 2ml toluene and 1ml H2O, was stirred at 100°C overnight in 
argon atmosphere. The reaction mixture was poured into water and extracted with 
dichloromethane. The organic phase was washed by water and dried over anhydrous 
Na2SO4. After the solvent was removed under reduced pressure, the residue was 
purified over silica gel using 5:1 hexane/CH2Cl2 as the eluent to give 0.032g white 
solid (48%).  1H NMR (CDCl3, 300 MHz) δ 7.71-7.74 (d, 2H), 7.54-7.57 (m, 8H), 
7.25-7.30 (m, 8H), 7.14-7.18 (m, 12H), 7.01-7.06 (t, 4H), 2.00-2.04 (m, 4H), 1.05 (br, 
12H), 0.72-.077 (m, 10H); 13C NMR (75 MHz, CDCl3): δ 151.6, 147.7, 147.0, 139.7, 
139.4, 135.7, 129.3, 127.8, 125.5, 124.3, 124.1, 122.9, 120.9, 119.9, 55.2, 40.5, 31.5, 
29.7, 23.8, 22.6, 14.0; EI-Mass: 820.4. 
 
BFL1 
  A mixture, which consisted 0.1g 4-bromo-4’,4’’-tert-butyl-BTPHA, 0.048g 
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dihexylfluorene 30, 10mg 
Pd(PPh3)4, 0.056g K2CO3, 2ml toluene and 1ml H2O, was stirred at 100°C overnight in 
argon atmosphere. The reaction mixture was poured into water and extracted with 
dichloromethane. The organic phase was washed by water and dried over anhydrous 
Na2SO4. After the solvent was removed under reduced pressure, the residue was 
 144
purified over silica gel using 5:1 hexane/CH2Cl2 as the eluent to give 0.056g white 
solid (83%).  1H NMR (CDCl3, 300 MHz) δ 7.78-7.81 (d, 2H), 7.59-7.65 (m, 8H), 
7.41 (s, 8H), 2.08-2.13 (m, 4H), 1.74 (s, 24H), 1.70 (s, 12H), 1.40 (s, 36H), 1.15-1.18 
(m, 12H), 0.79-0.84 (m, 10H); FAB-Mass: 1284.7. 
 
TFL2 
  A mixture, which consisted 0.035g 4,4’,4”-trisbromo-triphenylamine, 0.1g 
2-ethynyl-9,9-dihexylfluorene 34, 13mg Pd(PPh3)4, 2.2mg CuI and 6ml triethylamine, 
was stirred overnight at 70°C under argon protection. The reaction mixture was poured 
into water and extracted by dichloromethane. After the solvent was removed under 
reduced pressure, the residue was purified over silica gel using hexane and 5:1 
hexane/CH2Cl2 as eluents to give 0.059g yellow solid (59%). 1H NMR (CDCl3, 3500 
MHz) δ 7.66-7.70 (m, 6H), 7.48-7.52 (m, 12H), 7.32-7.33 (m, 9H), 7.10-7.13 (d, 6H), 
1.94-2.00 (t, 12H), 1.05-1.08 (m, 36H), 0.74-0.79 (t, 18H), 0.60-0.63 (m, 12H); 13C 
NMR (75 MHz, CDCl3): δ 151.0, 150.8, 146.7, 141.3, 140.5, 132.8, 130.5, 127.5, 
126.9, 125.9, 124.1, 122.9, 121.5, 120.0, 119.6, 118.2, 90.5, 89.2, 55.1, 40.4, 31.5, 29.7, 
23.7, 22.6, 14.0; FAB-Mass: 1315.0 
 
BFL2 
  A mixture, which consisted 0.045g 4,4’,4”-trisbromo-BTPHA 5, 0.1g 
2-ethynyl-9,9-dihexylfluorene 34, 13mg Pd(PPh3)4, 2.2mg CuI and 6ml triethylamine, 
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was stirred overnight at 70°C under argon protection. The reaction mixture was poured 
into water and extracted by dichloromethane. After the solvent was removed under 
reduced pressure, the residue was purified over silica gel using hexane and 5:1 
hexane/CH2Cl2 as eluents to give 0.074g yellow solid (68%). 1HNMR (CDCl3, 300 
MHz) δ 7.68-7.71 (m, 6H), 7.63 (s, 6H), 7.56-7.58 (m, 6H), 7.33-7.35 (m, 9H), 
1.97-2.02 (t, 12H), 1.71 (s, 18H), 1.06-1.11 (m, 36H), 0.75-0.79 (t, 18H), 0.59-0.63 (m, 
12H); 13C NMR (75 MHz, CDCl3): δ 151.0, 150.8, 141.3, 140.5, 131.3, 130.5, 130.2, 
127.4, 127.1, 126.9, 125.9, 122.9, 121.6, 119.9, 119.6, 118.1, 90.2, 89.7, 55.1, 40.5, 
35.6, 33.1, 31.5, 29.7, 23.7, 22.6, 14.0; FAB-Mass: 1434.9. 
 
T3C 
  To a solution containing 50mg 37 and 85mg 35 in 100ml triethylamine, a 
mixture of 12mg Pd(PPh3)2Cl2 and 3mg CuI with 50ml triethylamine was added slowly 
by a dropping funnel in 2 hours. The reaction mixture was heated to 70oC and stirred 
for 2 days under argon. Chromatography with 2:1 hexane/CH2Cl2 yielded 15mg yellow 
solid (17%). 1H NMR (CDCl3, 300 MHz) δ 7.41-7.44 (d, 24H), 7.30-7.31 (m, 12H), 
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Chapter 7 Future Work 
7.1 Cyclophane 
7.1.1 Introduction 
Cyclophane can achieve additional conjugation due to transannular π- π 
interaction. A lot of researches have been reported that the unique transannular π- π 
interaction in [2.2]paracyclophane in small molecules and copolymers exhibited 
novel properties.1  
 
Figure 7.1 [2, 2] Cyclophane 
Due to the unpaired electrons at nitrogen atom, triphenylamine shows 
extensive application in light emitting and two-photon absorption, as discussed in 
previous chapters. Furthermore, these unpaired electrons show nucleophilic capability 





7.1.2 Molecular Design 
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Figure 7.2 Triphenylamine-based cyclophanes 
As shown in Figure 7.2, two T0 or B0 molecules are connected with ethyl 
linkages. Such cyclophane can be synthesized through an improved sulfur elimination 











































Scheme 7.2 Previous synthetic routes to TC 
Since tribromomethyl group is highly moisture sensitive, acetylating from 
acetic anhydride for protection immediately after triphenylamine was treated with 
HBr and paraformaldehyde for 1 day. Tribromomethyl was recovered through water 
dissociation followed by substitution with HBr. However, because the six o-protons 
are very active as well as the three p-protons in triphenylamine, a hexa-substituted 
molecule was finally obtained instead (Scheme 7.3) in an overall yield of around 















Scheme 7.3 Formation of hexa-substituted T0 
There are no o-hydrogens existing in B0, the above strategy to T0 would be 
applicable (Scheme 7.4). However preparation of trithial (-SH) would be problem due 
to the high activity of –SH connecting to B0, which possibly forms S-S. Future work 
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